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Abstract 
The work described herein describes the synthesis and subsequent 
functionalization of thiol-acrylate emulsion templated porous polymers 
(polyHIPEs). Thiol-ene “click” chemistry has been employed in order to 
produce polyHIPEs from multifunctional thiol and acrylate monomers, and 
the level of residual thiol within the material determined. These residual 
thiols have then been used as “reactive handles” which allow for the 
functionalization of the thiol-acrylate polyHIPE post-polymerization. Both 
radical mediated thiol-ene “click” and amine catalysed Michael additions 
have been used in order to graft acrylates to the polymer surface, and the 
formation of disulphide bonds between the polymer surface and thiols has 
been explored.  
The non-crosslinking monomer pentafluorophenyl acrylate (PFPA) has also 
been incorporated into thiol-acrylate polyHIPEs in order to provide a route 
to post-polymerization functionalization. The reaction between the PFPA 
within the polymer network and amines occurs under mild conditions and 
so this has been explored as a route to the incorporation of biomolecules in 
the polymer network.  
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1. Thiol-Ene “Click” Chemistry and the 
Production of Porous Polymer 
Materials 
1.1 Thiol-Ene “Click” Chemistry and its Applications 
in Polymer and Materials Chemistry 
1.1.1. “Click” Chemistry 
Since its definition in 2001, “click” chemistry has received much attention in 
the fields of polymer and materials science1, 2. The need to synthesize 
polymers with defined molecular weights, narrow molecular weight 
distribution, and well controlled functional group distribution on the 
polymer backbone have been the main drivers of this interest in “click” 
chemistry. Advances in conventional polymer synthesis methods, as well as 
living polymerization and controlled radical polymerization techniques, 
have allowed for excellent control over both molecular weight and chemical 
composition of such macromolecules3-9. However, the limitations of these 
methods are exposed when the desired architectures have complex 
structures and chemical compositions. In order to overcome these 
limitations “click” chemistry has been used as a means of synthesizing and 
functionalizing complex macromolecules in a modular fashion. 
In order for a reaction to be classed as a “click” reaction there are several 
criteria it must fulfil. These include: the reaction must proceed with a near 
quantitative yield; give stereospecific and regiospecific products; the 
starting materials must be readily available; any by-products produced must 
be inoffensive and easily removed; the reaction products must be simple to 
isolate; the reactions must be insensitive to oxygen and water; reactions 
should be carried out in the absence of solvent or using mild solvents10. 
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There are several types of reactions which can be described as a “click” 
reaction. These reactions can be sorted into four categories: 
1. Cycloaddition reactions11-13 
2. Nucleophilic ring opening of strained heterocyclic electrophiles14 
3. Non-aldol carbonyl chemistry 
4. Additions across carbon-carbon multiple bonds1, 15 
Of these reactions the most widely used in polymer chemistry is the copper 
catalysed Huisgen 1,3-dipolar cycloaddition (CuAAC)16-22, the mechanism of 
which is shown in Scheme 1.1. Its use within polymer chemistry has mainly 
been in conjunction with controlled radical polymerization methods. In 
particular, CuAAC and ATRP are easily combined as the end groups of 
polymers synthesized by ATRP contain halogens, which are easily converted 
to azide groups via a variety of organic reactions23, 24. ATRP and CuAAC 
“click” reactions can also be carried out in a one-pot manner25, 26.  
 
Scheme 1.1 Copper catalysed Huisgen 1,3-dipolar cycloaddition (CuAAC). 
Despite the advantages of CuAAC in terms of its easy combination with other 
polymerization techniques the reaction has limited applications in the 
synthesis of biopolymers and biomaterials due to impurities from the 
copper catalyst. CuAAC is also not viable for internal alkynes. Other 
disadvantages of common click reactions include the low reactivity of 
reagents used in Diels-Alder chemistry, and homo-coupling of double bond 
containing molecules. 
As a result, the thiol-ene and thiol-yne reactions were put forward as a 
“click” reaction suitable for the synthesis and functionalization polymers 
and materials for biological applications. 
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1.1.2.  Thiol-Ene “Click” Chemistry 
The reaction between molecules containing carbon-carbon double bonds 
(enes) and thiols was first described in 190527. The reaction is known to 
proceed by two mechanisms: free-radical addition to both electron-deficient 
and electron-rich carbon-carbon double bonds; and amine or base catalysed 
Michael additions across electron-deficient carbon-carbon double bonds.  
The free-radical addition proceeds via a combination of step-growth and 
chain growth mechanisms. While the presence of both step-growth and 
chain growth mechanisms would suggest that the thiol-ene reaction is not a 
“click” reaction, the ideal thiol-ene reaction occurs via a purely step-growth 
mechanism28, leading many to describe the thiol-ene reaction as “click” 
chemistry1. This mechanism has three steps: initiation, propagation and 
termination. The initiation step (Scheme 1.2) involves the formation of a 
thiyl radical, this can occur either upon exposure to UV light29 or via a 
thermal process using initiators such as azobisisobutyronitrile (AIBN)30.  
 
Scheme 1.2 Thiol-ene “click” initiation step. 
The propagation step is the addition of the thiyl radical across the carbon-
carbon double bond to give the anti-Markovnikov product, leaving a carbon 
centred radical. This carbon centred radical then under goes a chain transfer 
reaction in which a hydrogen radical is abstracted from a thiol group, 
generating a new thiyl radical1, as shown in Scheme 1.3. 
 
Scheme 1.3 Thiol-ene “click” propagation step. 
 Termination occurs via radical coupling mechanisms, including coupling 
and disproportionation reactions1 as shown in Scheme 1.4. 
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Scheme 1.4 Thiol-ene “click” termination step. 
In non-ideal thiol-ene, homopolymerization of the “ene” monomer also 
occurs. This homopolymerization occurs via a chain-growth mechanism in 
which the carbon-centred radical reacts with another carbon-carbon double 
bond, resulting in the formation of a new carbon centred radical. The 
kinetics of the reaction, and the extent of “ene homopolymerization” 
observed, is determined by the structure of the ene monomer31. Double 
bonds with greater electron density, such as vinyl groups, are more likely to 
react with thiyl radicals than undergo homopolymerization. Less electron 
dense enes are, on the other hand, more likely to undergo a chain-growth 
reaction, forming a homopolymer32, 33. The step-growth thiol-ene reaction is 
a stoichiometric reaction and so any homopolymerization of the ene 
monomer results in an increased level of unreacted thiol groups upon 
completion of the reaction34. However, in a typical thiol-ene reaction the 
rate of the carbon-carbon step-growth reaction is much greater than the 
rate of “ene homopolymerization” reactions. The reaction mechanism for a 
non-ideal thiol-ene system is shown in Scheme 1.5. 
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Scheme 1.5 Non-ideal thiol-ene “click” reaction. 
Intramolecular reactions can also occur within thiol-ene polymerizations. 
These reactions include intramolecular chain transfer, converting carbon-
centred radicals into thiyl radicals, and cyclization reactions. Cyclization 
reactions are a form of intramolecular propagation in which a thiyl or a 
carbon-centred radical attacks a double bond within the same molecule, 
leading to the formation of a ring structure35. 
While UV initiated thiol-ene reactions can occur without the use of a 
photoinitiator, provided an appropriate wavelength of light is selected and 
the monomers are sufficiently reactive36-38, the addition of a photoinitiator 
can greatly reduce reaction times and increase the efficiency of such 
reactions. Type I photoinitiators have been found to be more effective at 
initiating thiol-ene reactions than Type II photoinitiators39-41. This is due to 
the mechanisms by which the photoinitiators form radicals. Type I 
photoinitiators undergo a unimolecular cleavage reaction upon exposure to 
UV light, yielding two radicals. Both of these radicals can initiate the thiol-
ene reaction by abstracting hydrogen from a thiol group. The excited states 
of these radicals are also short-lived singlets; this short lifetime prevents 
quenching of the excited state by thiols. Type II photoinitiators, on the other 
hand, produce radicals by a bimolecular reaction in which interactions 
between the photoinitiator and a second co-initiator molecule leads to the 
formation of radicals. This reaction occurs at a much lower quantum yield 
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than the former process, resulting in less efficient initiation of the thiol-ene 
reaction. Examples of both Type I and Type II photoinitiators are shown in 
Figure 1.1. 
 
Figure 1.1 Examples of photoinitiators. a) benzoin methyl ether (type I). b) diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (type I). c) benzophenone (type II). d) thioxanthone 
(type II). 
The radical mediated thiol-ene reaction is highly versatile, occurring 
between almost any carbon-carbon double bond and thiol; however, 
reaction rates can vary over several orders of magnitude. In general, the 
reactivity of enes in a typical radical mediated “click” reaction is as follows: 
Norbornene > vinylether > propenyl > alkene ≈ vinylester > N-vinylamide > 
allylether ≈ allylisocyanurate > acrylate > N-substituted maleimide > 
acrylonitrile ≈ methacrylate > styrene > conjugated diene1, 2 
As the electron density of the carbon-carbon double bond decreases, the 
reactivity of the “ene” decreases29. This is due to an increase in the stability 
of the carbon-centred radical, making a less reactive intermediate, 
decreasing the rate of propagation, and hence, the rate of the thiol-ene 
reaction as a whole. The reactivity of thiol monomers follows the trend: 
Propionates > glycolates >> alkylthiols1, 2 
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The addition of a thiol group across a carbon-carbon double bond via a 
Michael addition can also be referred to as a thiol-ene “click” reaction. The 
reactions are generally catalysed by weak bases or strong nucleophiles and 
proceed via an anionic chain mechanism. The Michael addition reaction is 
open to fewer enes than the radical-mediated “click” reaction as the carbon-
carbon double bond must be electron deficient for the reaction to occur. The 
first step of the weak base catalysed reaction (shown in Scheme 1.6) is the 
formation of a thiolate anion as the base removes the hydrogen from the 
thiol group42.  
 
Scheme 1.6 Formation of the thiolate anion in the base catalysed thiol-ene Michael 
addition. 
When catalysed by a strong nucleophile an intermediate enolate base is 
formed by nucleophilic attack on the carbon-carbon double bond of the ene, 
this base then attacks a thiol group, forming the thiolate anion43 (Scheme 
1.7). 
 
Scheme 1.7 Formation of the thiolate anion in the nucleophile catalysed thiol-ene Michael 
addition. 
The thiolate ion then attacks the carbon-carbon double bond at the 
electrophilic β-carbon, yielding an enolate intermediate. This intermediate 
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then forms the thiol-ene product by abstracting hydrogen either from 
another thiol group or from the catalyst42, 43 as shown in Scheme 1.8. 
 
Scheme 1.8 Thiol-ene Michael addition. 
Both the radical-mediated and Michael thiol-ene reactions are regiospecific, 
selectively yielding the anti-Markovnikov product and exhibiting the 
favourable features attributed to “click” chemistry. Both reactions are 
insensitive to oxygen and water and can occur in environmentally benign 
solvents such as alcohols. The reactions also proceed at a fast rate, and in 
near quantitative yields. 
1.1.3.  Applications of Thiol-Ene “Click” Chemistry 
Although “click” chemistry was originally developed as a means of 
simplifying the synthesis of biomolecules, it is often used in the field of 
polymer chemistry. The regioselective nature and near quantitative 
conversions observed in “click” chemistry, particularly thiol-ene “click” 
chemistry, have been exploited in order to create many polymeric materials 
including cross-linked polymer networks44, such as hydrogels45; 
dendrimers46 and star polymers47; microfluidic devices34; and to 
functionalize polymers post-polymerization48. 
1.1.3.1. Polymer and Macromer Synthesis 
A wide variety of different polymers have been synthesized and 
functionalized using the thiol-ene “click” reaction. One of the simplest 
examples of this is the functionalization of well-defined homopolymers of 
1,2-polybutadiene (PB) and AB diblock copolymers of PB and poly(ethylene 
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oxide) (PEO) with a range of thiols49. The resulting polymer was found to be 
free form carbon-carbon double bonds but the reaction proceeds with less 
than quantitative conversions (generally between 70% and 80%)50. The 
lower conversion can be attributed to intramolecular cyclization reactions50, 
as shown in Scheme 1.9. The occurrence of these undesirable side reactions 
and the large excess of thiol required (10 equivalents) means that this 
reaction cannot be described as a “click” reaction. However, the results show 
that polymers can be effectively functionalized post-polymerization by a 
thiol-ene reaction.  
 
Scheme 1.9 Thiol functionalization of 1,2-polybutadiene, highlighting the competing 
intramolecular cyclisations.  
The amount of thiol can be reduced to between 1.2-1.5 equivalents (to the 
number of ene groups), and the ene replaced with a macromer that cannot 
undergo homopolymerization or internal cyclization reactions, such as an 
oxazoline51, as shown in Scheme 1.10. The method of initiation can include 
thermal radical (AIBN) and UV irradiation at room temperature51, 52. This 
enhanced reaction was found to proceed quantitatively, with no observed 
cyclization53. These observations led Diehl and Schlaad to describe this 
functionalization reaction as a “click” reaction51. A major advantage of this 
reaction is that the starting materials can include a range of materials, such 
as commodity polymers which can be purchased in bulk at low cost and 
then functionalized in order to synthesize materials that previously required 
complex, multistep, expensive chemistry54. Starting materials can also 
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include thiol or “ene” containing polymers which have been synthesized by 
conventional polymerization techniques55-57. 
 
Scheme 1.10 Synthesis and thiol functionalization of polyoxazolines via thiol-ene “click” 
chemistry. 
A combination of these polymerization techniques has been used in the 
synthesis of both star polymers and dendrimers. Poly(N, N-
diethylacrylamide) homopolymers can be synthesized by RAFT 
polymerization of N, N-diethylacrylamide using 1-cyano-1-methylethyl 
dithiobenzonate as the RAFT agent (Scheme 1.11). The thiocarbonylthio 
groups at the chain ends can then be reduced to thiols with a primary amine. 
The resulting polymers can be conjugated to a triacrylate core via a 
phosphine catalysed thiol-ene “click” reaction to give a three-armed star 
polymer58.  
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Scheme 1.11 RAFT polymerization of N, N-diethylacrylamide and subsequent conjugation a 
trimethylolpropane core by thiol-ene “click” chemistry, yielding the three-arm star 
polymer. 
Killops et al. demonstrated that thiol-ene “click” chemistry can be used to 
create a dendrimer backbone, with the tris-alkene 2,4,6-triallyloxy-1,3,5-
triazine as the core of the dendrimer, and then to functionalize the resulting 
chain ends46. The first generation dendrimer was formed via the reaction of 
1.5 equivalents (to the number of ene bonds) of 1-thioglycerol with the 
dendrimer core under solventless conditions via a UV initiated reaction. The 
formation of the first-generation hexa-hydroxy dendrimer was then 
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confirmed by 1H NMR spectroscopy. The first-generation dendrimer was 
then prepared for further thiol-ene reactions by esterification. The thiol-ene 
and the esterification reactions were then repeated in order to obtain the 
fourth-generation dendrimer. In keeping with the facile nature of “click” 
chemistry, the obtained dendrimers were purified by precipitation into 
diethyl ether at greater than 90% purity. Once obtained the hydroxyl chain 
ends on the fourth-generation dendrimer can then be converted to alkenes 
by the previously described methods and functionalized with 
monofunctional thiols, including biologically relevant molecules, such as 
cysteine, via another thiol-ene “click” reaction46. A simplified mechanism for 
the synthesis of the fourth-generation dendrimer is shown in Scheme 1.12. 
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Scheme 1.12 Synthesis of 48-functional polyol dendrimer by sequential radical thiol-ene 
and esterification reactions. 
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Further exploration of the potential of “click” chemistry within dendrimer 
synthesis has led to the development of a synthetic strategy for sixth-
generation dendrimers that can be synthesised in a single day59. While this 
synthetic strategy combines both CuAAC and thiol-ene “click” reactions, 
making it unsuitable for biological applications, the dendrimers can be 
synthesized on a multi-gram scale and are purified by simple purification 
techniques. 
1.1.3.2. Polymeric Materials 
The thiol-ene “click” reaction has found applications in the field of material 
chemistry where it has been used to synthesize a variety of crosslinked 
polymeric materials44, 60, 61. The reaction of multifunctional enes and 
multifunctional thiols leads to the formation of highly cross-linked 
networks. Of the “enes” available for this kind of reaction, acrylates and 
methacrylates are among the most commonly used. The thiol-ene reaction 
reduces the level of oxygen inhibition observed in acrylate and methacrylate 
polymerizations62. This allows for “ene” systems that would normally 
require nitrogen atmospheres and very high intensity UV radiation to be 
cured under much milder conditions. The introduction of thiols into the 
monomer system also helps to minimise the shrinkage and shrinkage stress 
experienced by the network by delaying the gel point63. This delayed gel 
point is a result of the step-growth nature of thiol-ene polymerizations64. 
While undergoing a step-growth reaction one thiol monomer is added 
across the carbon-carbon double bond, as opposed to the two monomer 
additions which would occur in chain growth reactions. Delaying the gel 
point also leads to the formation of more uniform networks31. These 
combined benefits make thiol-ene “click” chemistry ideal for the fabrication 
of polymeric materials such as microfluidic devices, hydrogels and porous 
polymer networks65.  
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Figure 1.2 Formation of a crosslinked network via the ideal thiol-ene reaction. 
In recent years, hydrogels have found several applications in the 
biomaterials field. These applications include scaffolds for tissue 
engineering66, 67 and wound healing68, and they have been explored as 
potential drug delivery vehicles. The hydrogels used for such biological 
applications are often synthesized from PEG macromers with double bond 
chain ends, including acrylates45, 69, 70and other enes such as norbornenes71. 
One of the main advantages of using hydrogels formed by thiol-ene “click” 
chemistry for biological applications is the degradability of these materials. 
In the case of PEG-norbornene-thiol hydrogels, the ester linkage formed 
between the ene chain end and the PEG backbone can undergo hydrolytic 
degradation72. The thioether-ester linkage in thiol-acrylate hydrogels can 
also degrade hydrolytically69, 73. Therefore, the rate of hydrolysis can be 
tuned by altering the number of functional groups each monomer possesses. 
This changes the crosslink density of the overall network, increasing or 
decreasing the number of bonds that need to be cleaved during 
degradation74. Photodegradable hydrogels can also be formed by careful 
selection of the monomers and photoinitiator used75.  
The step-growth nature of the photoinitiated thiol-ene reaction gives thiol-
ene hydrogels an advantage over their chain-growth counterparts as the 
level of ene homopolymerization is reduced71. This reduction in 
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homopolymerization often results in a reduction in the chain length of the 
degradation products. Lower molecular weight degradation products are an 
advantage when developing materials for implant as they are more easily 
excreted by the body. Chain growth acrylate homopolymerization reactions 
require long gelation times as a result of oxygen inhibition, whereas thiol-
ene reactions are not affected by the presence of oxygen1, leading to faster 
gelation times76. While step-growth gels can be formed by both 
photoinitiated “click” thiol-ene reactions and Michael addition thiol-ene 
reactions, the photoinitiated reaction offers crosslinked networks with 
lower levels of network defects, and hence improved mechanical 
properties71. These improved mechanical properties are the result of several 
features of the radical-mediated thiol-ene reaction. The first of these 
features is the high reactivity of the radical species. The increased level of 
reactivity can be observed as a reduction in gelation time. The gelation of 
PEG-norbornene-thiol gels formed by a photoinitated thiol-ene “click” 
reaction was found to be approximately 230 times faster than the equivalent 
hydrogel formed by a Michael addition reaction72. The photoinitiated 
reaction also leads to a decrease in the number of disulphide bonds formed 
between thiol monomers as these bonds are weak and so are easily cleaved 
by the radical species present in the reaction mix71, 77. Both of these features 
of the radical-mediated thiol-ene “click” reaction lead to an increase in the 
network crosslink density without the need to change the functionality of 
the monomers used. Hydrogels formed by a photo-reaction are found to 
have higher shear moduli and lower mass swelling ratios than their Michael 
addition counterparts76. 
There are three important variables which need to be considered when 
synthesizing thiol-ene hydrogels with defined mechanical properties. These 
variables are: the functional groups used to form the crosslinked network; 
the molar mass of the monomers/macromers used, for example, the length 
of PEG chain used in PEG-norbornene-thiol hydrogels; and the choice of 
solvent and the concentrations used72. The choice of functional group is 
important when trying to define the mechanical and degradation properties 
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of a hydrogel. The reactivities of the functional groups will determine the 
rate of gelation and the number of network defects observed. “Ene” 
monomers/macromers can be susceptible to homopolymerization and 
internal cyclization reactions, which reduce the crosslink density of the 
network, decreasing the tensile strength of the hydrogel78. The molar mass 
of the monomers and macromers used also affects the degree of crosslinking 
observed. Gels containing longer polymer chains require longer gelation 
times due to the high mobility of the polymer chains, and the lower number 
of functional groups per unit mass of polymer, reducing the likelihood of the 
thiol groups reacting with the “ene” groups, leading to less densely 
crosslinked hydrogels78. Finally, the choice and concentration of solvent also 
impacts the likelihood of the reaction between thiol and “ene” chains ends. 
Using a solvent that will disperse the monomer solution well will yield a 
hydrogel with a higher tensile strength than a gel formed using a poor 
solvent78. This increase in tensile strength is due to a better dispersion of 
the functional groups required for network crosslinking. The concentration 
of functional groups in the reaction mixture can also be controlled by 
changing the concentration of solvent within the mixture. Reducing the 
volume of solvent decreases the distance between functional groups, this 
reduced distance increases the probability of a reaction, leading to a more 
densely crosslinked gel. 
The ease with which the mechanical and degradation properties of thiol-ene 
hydrogels can be tuned has made them an attractive option for the synthesis 
of scaffolds for tissue engineering. Hydrogels with consistent mechanical 
properties can be produced from nontoxic, hydrophilic polymers, and 
biomolecules which help support cell proliferation, migration and 
differentiation can be easily incorporated into the gels. Control of the 
swelling of hydrogels can be achieved by controlling the crosslink density of 
the network. This allows for better control of mass transfer through the gel, 
which is important in ensuring nutrients can be transported to and waste 
products away from the cells79-81.  
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The thiol-ene reaction has been exploited in the formation and post-
polymerization functionalization of porous polymer networks44. The 
emulsion templating method is a facile way of producing porous polymers 
with well-defined morphologies and porosities. Emulsion templating 
involves the formation of an emulsion with the monomers as the continuous 
phase and a porogen as the non-continuous droplet phase. The continuous 
phase is then polymerized and the porogen removed, leaving behind a 
polymer foam82. The photo-initiated thiol-ene reaction allows for the 
polymerization of emulsions that would otherwise collapse before the 
polymerization reaction goes to completion. These biodegradable porous 
polymers have also been used in tissue engineering and 3D cell culture 
applications83. Porous polymer monoliths have also been used as the 
stationary phase for detection, separation and chromatography purposes84, 
85. The surface chemistry of these polymer networks is of great importance 
when designing material for chromatography. The surface of the polymer 
must be either resistant to or have a specific interaction with the targeted 
chemical. Functionalizing the polymer network post-polymerization allows 
for specific chemistries to be found at the polymer surface without the need 
to reoptimize the polymerization conditions. The thiol or ene groups on the 
polymer surface can be included either during polymerization of the 
polymer network or via a post-polymerization functionalization step. Once 
on the polymer surface they can then be used to impart a particular 
chemical functionality onto the polymer surface. For example, the usually 
hydrophobic poly(glycidyl methacrylate-co-ethylene dimethacrylate) 
porous monoliths can be made hydrophilic and have been used to separate 
both alkyl benzenes and peptides depending on the nature of the polymer 
surface84. Thiol functionality is added to the polymer surface in a post-
polymerization grafting reaction using cystamine, followed by cleavage of 
the disulphide bond using tris(2-carboxyethyl)phosphine. Hydrophilicity is 
then imparted on the polymer surface by clicking [2-(methacroyloxy)ethyl]-
diemthyl-(3-sulfopropyl)ammonium betaine to the surface. While the 
efficiency of this porous monolith as a separation column was not as high as 
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its silica based counterparts, these monoliths can be hypercrosslinked in 
order to improve the efficiency84. 
1.2. Porous Polymers 
Porous polymers have found applications in a wide range of areas. These 
applications include: as membranes for separation86, filtration87 and 
chromatography88; scaffolds for tissue engineering89; supports for 
catalysts90 and reagents used in synthesis; to encapsulate and facilitate the 
controlled release of drugs87; as a support for sensors91; as gas storage 
devices92-94; and as masks for lithography95, as well as many other uses. The 
type of application suitable for a porous polymer is determined by a number 
of factors, including the size and morphology of the pores, as well as the 
chemical properties of the polymers used. Porous polymers have a number 
of advantages over other commonly used porous materials, such as zeolites, 
activated carbons and porous silicas. The wide range of polymerization 
reactions that can be used to form porous polymers, and hence the wide 
range of monomers available, allow for the production of polymers with 
different chemical functionalities96-98. As a result of the different monomers 
that can be utilized, a wide range of chemical functionalities can be imparted 
onto the pore surface using various grafting techniques99-101. Solvent-based 
processing techniques can also be employed for processing porous 
polymers102. Due to the lightweight elements used in their production, 
porous polymers are generally more lightweight than other porous 
materials103, 104. 
Polymer structures with either single or multiple pores can be described as 
porous polymers. Pore sizes can be over a large range from nanometres to 
hundreds of microns. According to IUPAC recommendations105, porous 
polymers can be placed in three categories based on pore size: 
1. Microporous polymers – pore diameter less than 2 nm 
2. Mesoporous polymers – pore diameter in the range 2 – 50 nm 
3. Macroporous polymers – pore diameter larger than 50 nm 
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The pore size is related to the Brunauer-Emmett-Teller surface area of the 
polymer. Generally, polymers with smaller pore sizes, such as microporous 
polymers, have larger surface areas than mesoporous or macroporous 
polymers. The surface area, and hence the pore size, of a polymer often 
impacts the applications for which a particular porous polymer can be used. 
Other characteristics that dictate the suitable applications for a porous 
polymer include: the pore geometry, which can range from individual 
spherical pores, to a hierarchical network of fully interconnected pores; the 
chemical functionality of the pore surface; and the nature of the polymer’s 
topology with pores being found in ordered or disordered arrays. 
As a result of the impact that the overall network properties of a porous 
polymer has on its usefulness in certain applications, several synthetic 
procedures have been developed aiming at designing polymers with well-
defined pore sizes and structures. These synthetic routes often allow the 
polymers to be imparted with the desired chemical functionality either 
during polymer synthesis or via post-polymerization modification 
techniques. These synthetic methodologies include: 
1. Direct templating 
2. Self-assembly of block copolymers 
3. Direct Synthesis 
4. Breath Figure 
5. Emulsion templating 
For the purpose of this work the emulsion templating method will be 
discussed in detail. Detailed discussions of other synthetic routes to porous 
polymers mentioned above can be found in the literature98. 
1.2.1.  Synthesis of Emulsion Templated Porous Polymers 
Emulsions are formed when at least two immiscible liquids are blended to 
give a heterogeneous suspension of droplets of one liquid inside a 
continuous phase of the other. If this continuous phase is polymerized, a 
porous polymer is formed. Emulsions can be described as either oil-in-water 
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(o/w) or water-in-oil (w/o), where the droplet phase is oil or water 
respectively. 
1.2.1.1 High Internal Phase Emulsions 
In order to produce highly porous materials a certain class of emulsion, 
known as a high internal phase emulsion, or HIPE, is used. HIPEs are defined 
as having an internal, or droplet, volume phase ratio, ϕ, of 0.74 or greater82. 
A volume fraction of 0.74 represents the maximum volume ratio at which 
the droplet phase will pack as uniform non-deformable spheres. Values of ϕ 
up to 0.99 can be observed, indicating that the droplet phase in a HIPE is 
either non-uniform or that the droplets are deformed into polyhedra82.  
The most commonly used method of forming HIPEs is by the slow addition 
of a porogen (non-continuous phase) to the continuous phase with mixing83, 
106, 107, as demonstrated in Figure 1.3, although other methods can be 
used108. The continuous phase generally consists of a mixture of monomer, 
comonomer and a suitable surfactant; a solvent may also be included in 
order to reduce the viscosity of the continuous phase. Mixing is generally at 
a high shear rate and is an important stage in HIPE formation as it breaks up 
any larger droplets into smaller ones. Other methods of HIPE formation 
include the multiple emulsification method and the spontaneous formation 
method. HIPEs can be both oil-in-water (o/w) and water-in-oil emulsions 
(w/o). In w/o emulsions the continuous phase is the oil phase and the 
porogen is water, in o/w emulsions it is the reverse. The type of emulsion 
formed is dependent on the ratio of each phase and the type of surfactant 
used. 
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Figure 1.3 Formation of a high internal phase emulsion (HIPE) 
HIPEs are thermodynamically unstable, but exhibit varying degrees of 
kinetic stability. The stability of the HIPE is strongly dependent on the 
internal phase volume ratio, as well as the hydrophilic properties of the 
monomers, and the type and volume of surfactant used. Increasing the 
internal phase volume ratio increases the likelihood of droplet coalescence, 
where droplets merge in order to form larger droplets, and Ostwald 
ripening109, a phenomenon which causes larger droplets to grow at the 
expense of smaller ones as a result of the high surface energy associated 
with smaller droplets. The combination of droplet coalescence and Ostwald 
ripening results in collapse of the HIPE as the size of the droplets become 
too large for the continuous phase to support them.  
One of the main applications of HIPEs is as a template in the formation of 
highly porous polymers, known as polyHIPEs. 
1.2.1.2 High Internal Phase Emulsion Templated Porous Polymers 
Polymerization, or curing, the continuous phase of a HIPE gives a porous 
polymeric material known as a polyHIPE110, 111, as shown in Figure 1.4. The 
continuous phase of the emulsion must contain a cross-linker in addition to 
the monomer and surfactant. The cross-linker is needed in order to form the 
polymer network that makes up the polyHIPE structure. Once cured, the 
porogen is removed and the porous material is washed by Soxhlet 
extraction and dried.  
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Figure 1.4 Formation of a polyHIPE. 
The obtained polymer is a highly porous and permeable material, with a 
complex pore morphology. An SEM image of typical a polyHIPE is shown in 
Figure 1.5. The spherical cavities shown are referred to as voids, while the 
smaller interconnecting spheres between voids are known as windows. The 
much smaller structures within the walls of the polyHIPE are referred to as 
pores82.  
 
Figure 1.5 SEM of a typical polyHIPE polymer where V indicates a void and W indicates a 
window. Scale bar = 100 µm. 
The polyHIPE void diameter can be varied from 1 µm to diameters greater 
than 100 µm by controlling the diameter of the droplets in the HIPE112. The 
3D structure of a polyHIPE is of great importance when the material is 
intended for a particular application, and the ability to tune the structure by 
varying the properties of the HIPE precursor is particularly attractive. The 
ability to tune the void diameters in a polyHIPE material is generally 
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allowed for by control over the stability or instability of the HIPE112-114, 
although, the rate of shear upon HIPE formation can also have an impact. 
There are two major factors that affect HIPE stability: Ostwald ripening and 
droplet coalescence. Ostwald ripening occurs as a direct result of the 
differences in surface tension and chemical potential between large and 
small droplets. Smaller droplets experience a higher solubility in the 
continuous phase as a result of the Kelvin effect115. The Kelvin effect 
describes the relationship between the curvature of a liquid’s surface and 
the vapour pressure associated with the liquid. Curved surfaces exhibit a 
higher vapour pressure than flat surfaces and so smaller droplets have much 
higher vapour pressures than their larger counterparts. As a result, smaller 
droplets have a much higher tendency to dissolve and diffuse through the 
interfacial layer, finally being re-deposited into larger droplets. Droplet 
coalescence occurs as a result of the thinning and subsequent rupture of the 
interfacial layer116. 
By far the most studied polyHIPE system is that of styrene (ST) with a 
divinylbenzene (DVB) crosslinker107, 117-119. The factors that affect the 3D 
structure of this polyHIPE system have been studied in great detail. It has 
been shown that the nature and concentration of the surfactant used has an 
impact on the appearance and size of the interconnecting windows113. The 
interconnecting windows are believed to form by contraction of the 
continuous phase upon curing. The addition of surfactant causes the 
monomer film separating each individual droplet to thin. Since the film is at 
its thinnest at the point of nearest contact between each droplet, any 
contraction in the continuous phase would lead to the formation of holes at 
this point. In order to study this more closely ST/DVB polyHIPEs were 
prepared using varying concentrations of the surfactant Span 80. Closed-cell 
materials with no interconnecting windows were obtained at surfactant 
concentrations between 3% and 5% (w/w). As the surfactant concentration 
was increased to between 7% and 10% an open-cell morphology was 
observed. Increasing the surfactant concentration further resulted in an 
increase in the interconnecting window diameter, up to 80% (w/w) 
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surfactant. A visual representation of the formation of interconnecting 
windows can also be obtained using cryo-SEM117. Images of frozen HIPE 
samples at different curing times indicate that the windows are produced by 
shrinkage during polymerization. The formation of the interconnecting 
windows appears to coincide with the gel point of the polymer, further 
supporting the hypothesis that the windows are produced by shrinkage of 
the continuous phase upon polymerization. 
Increasing the temperature of the aqueous phase has an impact on both the 
void diameter and the diameter of the interconnecting windows. This 
increase in temperature leads to a decrease in the stability of the HIPE 
precursor. This decrease in stability is due to two main factors: increased 
mobility of the droplets and increase solubility of the surfactant in the 
aqueous phase. Both factors increase the likelihood of droplet coalescence, 
leading to an increase in void diameter107. 
A further factor that impacts the 3D structure of a polyHIPE polymer is the 
inclusion of additives into the emulsion. Small organic molecules, such as 
acetone, methanol, and THF, can have a destabilising effect on a HIPE when 
added as a co-solvent. The emulsion destabilization is as a result of the 
solubility of the co-solvent in both the organic and aqueous phases. This 
solubility increases the likelihood of both droplet coalescence and Ostwald 
ripening by diluting the interfacial layer and increasing the solubility of the 
surfactant in the aqueous phase. The relative solubility of the co-solvent in 
each phase determines the extent of the effect on the polyHIPE morphology 
and the mechanism by which emulsion destabilization occurs. PolyHIPEs 
prepared with THF as the co-solvent show a much wider range of void 
diameters than those with methanol as the co-solvent as well as a higher 
average void diameter. This is believed to be due to the increased solubility 
of THF in the organic phase compared to methanol. As the concentration of 
the co-solvent is increased, materials with a narrow distribution of void 
diameters and a higher degree of interconnection are obtained. Other 
additives, including salts, have also been shown to have an effect on the 
morphology of polyHIPE polymers107. 
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Due to their high porosity and relatively large void sizes, polyHIPE materials 
are found to have low surface areas, typically between 3 m2 g-1 and 20 m2 g-1 
by BET analysis118. This can be increased to up to 350 m2 g-1 by increasing 
the crosslinker concentration and by the addition of a non-polymerizing 
organic solvent118. The addition of a non-polymerizable organic solvent 
increases the surface area of polyHIPE polymers by introducing a secondary 
pore structure into the material. This secondary pore structure is as a result 
of phase separation occurring in the continuous phase of the HIPE during 
polymerization. The increase in surface area can be controlled by selecting a 
solvent with a solubility parameter close to that of the growing polymer 
chain, delaying the onset of phase separation, producing smaller pores, and 
hence, a higher surface area.  
The morphology of a polyHIPE material can also be controlled by the 
moulding process82. Before curing the HIPE is poured into a mould, where it 
remains during the curing process and the final polyHIPE polymer retains 
the shape of the mould. A wide variety of different moulds with different 
sizes and shapes are available, however, typically plastic bottles are used. 
The mould substrate used during curing has been found to influence the 
morphology of the polyHIPE surface. This has, again, been investigated for 
the ST/DVB polyHIPE system. Glass moulds were found to be unsuitable for 
ST/DVB polyHIPEs due to bonding between the surface and the polymer. 
This bonding leads to the surface of the polyHIPE having a different 
morphology to that of the polyHIPE interior, whereas, plastic substrates 
such as PVC were found to leach plasticizer, destabilizing the emulsion. 
Other plastic substrates investigated included polypropylene and PTFE. 
PolyHIPEs cured in polypropylene moulds were found to have a closed cell 
morphology in areas that were in contact with the mould. This is believed to 
be caused by preferential wetting of the monomer phase, resulting in a thin 
film that then forms a polymer skin upon curing. PTFE, on the other hand, 
was found to have no impact on the polyHIPE morphology, giving open cell 
surfaces. The dimensions of the mould can also be controlled in order to 
produce large polyHIPE monoliths or porous membranes82. 
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1.2.2. Functional Porous Polymer by High Internal Phase 
Emulsion Templating 
As mentioned previously, the ST/DVB polyHIPE system is the most widely 
studied, however, a much wider range of monomers can be used in order to 
produce polyHIPE materials a wide range of mechanical, chemical and 
degradation properties.  
The mechanical properties of ST/DVB polyHIPEs can be tuned by the simple 
addition of other hydrophobic monomers into the continuous phase of the 
emulsion. Monomers including 2-ethylhexylacrylate (EHA) and 
methacrylate (EHMA) have been shown to cause a decrease in the glass 
transition temperature of ST/DVB polyHIPEs, leading to a more elastomeric 
polymer network120. Isobornyl acrylate (IBOA) has been shown to have the 
opposite effect, and its inclusion in a HIPE leads to the formation of a 
network with increased rigidity121.  
Chemical functionality can be imparted on ST/DVB polyHIPEs in one of two 
ways. The first of these is by the post-polymerization modification of the ST 
phenyl rings by electrophilic aromatic substitution (Scheme 1.13) to yield 
bromo-, nitro- and sulfonic acid substituted polyHIPE polymers122. The 
relatively low hydrophobicity of the electrophilic reagents compared with 
the ST/DVB polymer resulted in materials with a higher degree of 
substitution at the surface than in the centre. In order to overcome this, 
reagents with a higher level of hydrophobicity, such as lauroyl sulphate in 
cyclohexane were used. The use of reagents with higher hydrophobicity 
produced materials with more even levels of functionalization throughout 
their entirety122, 123.  
 
Scheme 1.13 Electrophilic aromatic substitution of phenyl rings of ST/DVB polyHIPE. 
The second method of chemical functionalization is to replace the ST 
monomer with 4-vinylbenzyl chloride (VBC)124. The inclusion of VBC in the 
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emulsion does not have any effect on the morphology of the resulting 
polyHIPE and the benzyl chloride groups function as “reactive handles”, 
allowing for the polyHIPE material to be modified post-polymerization with 
nucleophilic amines, such as morpholine and tris(2-aminoethyl)amine 
(TAEA)125, 126, as shown in Scheme 1.14. In a similar manner VBC/DVB 
polyHIPEs have been used to immobilize Wang linkers, commonly used in 
solid phase peptide synthesis with loadings up to 3.1 mmol g-1 observed127.  
 
Scheme 1.14 Amine functionalization of ST/VBC polyHIPEs. 
Materials with reactive pendant vinyl groups can be produced in a similar 
manner to the production of VBC/DVB polyHIPEs. The thermal free radical 
polymerization of a HIPE with continuous phase consisting DVB and 
ethylvinyl benzene (EVB) results in a material which the authors describe as 
a (vinyl)polystyrene polyHIPE128. The pendant vinyl groups can undergo 
both bromination and thiol addition via so-called batch and flow methods, 
resulting in a dimethylene spacer between the polymer network and newly 
introduced functionality128, 129, as shown in Scheme 1.15. 
 
Scheme 1.15 Thiol functionalization of (vinyl)polystyrene polyHIPEs. 
The copolymerization of the DVB crosslinker with the brominated styrenic 
monomer 4-vinylphenyl 2-bromo-2-methyl-propanoate (VPBMP) has been 
shown to result in a bromoester functionalized polystyrene polyHIPE. This 
bromoester functionality was then used to initiate the polymerization of 
monomers including methyl methacrylate (MMA) and glycidyl methacrylate 
(GMA) via a CuBr catalysed ATRP reaction, as shown in Scheme 1.16. The 
surface bound poly(MMA) and poly(GMA) were not found to have any 
adverse effects on the morphology of the polyHIPE, and hence the 
permeability of the materials was retained. As a result, a proposed 
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application for these polyHIPE materials is as monolithic scavengers for use 
in organic synthesis130. 
 
Scheme 1.16 ATRP from the surface of a bromoester functionalized polyHIPE. 
As the relative hydrophilicity of the monomers is increased, the stability of 
the result HIPE decreases. The use of surfactant with low hydrophile-
lipophile balance (HLB) numbers, allows for the stabilization of these HIPEs. 
HLB numbers for non-ionic surfactants are determined from Equation 1.1, 
based on Davies’ method131, 
                                             ∑    (     )      (1.1) 
where Hi represents the group number of hydrophilic group i, and n is the 
number of methylene groups, each of which is assigned a value of 0.475. 
Generally, HLB values range between 0 (very lipophilic) and 20 (very 
hydrophilic). Using a low HLB number polyglycerol ester surfactant, HIPEs 
with a continuous phase of up to 80% GMA were polymerized with a DVB 
crosslinker via a thermally initiated free-radical reaction132. GMA based 
polyHIPEs have also been prepared with ethyleneglycol dimethacrylate 
(EGDMA) crosslinker with the use of other low HLB number surfactants133, 
including triblock copolymers of ethylene oxide (EO) and propyleneoxide 
(PO)134. The GMA is an attractive monomer for use in polyHIPEs due its 
reactive epoxy groups which react readily with nucleophiles90, 135 by the 
mechanism shown in Scheme 1.17. While hydrolysis of the epoxy groups is 
observed, GMA polyHIPEs have been successfully used to immobilise 
proteins and enzymes90. 
 
Scheme 1.17 Amine functionalization of GMA polyHIPE. 
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Biodegradable polyHIPEs can be synthesized by the thermal free radical 
polymerization of acrylated poly(ε-caprolactone)106 or poly(lactic acid)136. 
The polymer networks, which have been investigated as scaffolds for tissue 
engineering, have been shown to degrade completely in a sodium hydroxide 
solution over a period of 10 weeks. 
PolyHIPE polymers have also been produced by the ring opening metathesis 
polymerization (ROMP) of norbornene derivatives96, 137. A water tolerant 
ruthenium Grubb’s catalyst was used in this case, and the resulting HIPE 
was stable enough to undergo thermal curing. Delueze et al., described the 
polymerization as having a living character, such that the metal carbene 
chain end is expected to remain active96, allowing for further modification of 
the polyHIPE post-polymerization.  
1.2.2.1. Emulsion Templating of Hydrophilic Monomers 
Polymerizing the continuous phase of an o/w HIPE yields a hydrophilic 
porous polymer. Hydrophilic polyHIPEs may have great potential in the field 
of biotechnology, and several examples of hydrophilic polyHIPE polymers 
designed for use as biomaterials have already been described138-140. 
Biocompatible polyHIPE materials have been produced from the 
polymerization of emulsions containing the monomer 2-hydroxyethyl 
methacrylate (HEMA). Both w/o and o/w HIPEs can be produced for the 
HEMA monomer with EGDMA141 and methylene bisacrylamide (MBAA)138 
crosslinkers. Upon thermal polymerization of the emulsion, hydrophilic 
porous polymers are produced. The wettability of these polyHIPEs has been 
shown to increase as the concentration of MBAA crosslinker is increased. 
Another route to biocompatible, hydrophilic polyHIPE materials is through 
the use of methacrylated gelatin and dextran139, 142-144. Thermally initiated 
radical polymerization of the vinyl terminated gelatin resulted in materials 
with porosities of up to 95%, which, upon the addition of additives including 
NaCl and DMSO, had void diameters within range suitable for tissue 
engineering. 
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Despite their advantage in the formation of porous polymers for use a 
biomaterials, there are relatively few examples of o/w HIPEs. Perhaps the 
main reason for this is the large volumes of organic solvents required to 
produce the HIPEs145. These organic solvents are often difficult to 
completely remove from the polymer network, causing issues with 
biocompatibility. One route to the formation of HIPEs from hydrophilic 
monomers is to replace the continuous organic phase with super-critical 
CO2 (scCO2)146. ScCO2 has many advantages when compared to organic 
solvents due to it being non-flammable, clean and inexpensive147. ScCO2 is 
easy to completely remove from the polyHIPE material as the CO2 returns to 
the gaseous state once depressurized148. One of the first examples of the use 
of scCO2 in polyHIPE synthesis is the preparation and subsequent 
polymerization of a CO2 in water (c/w) HIPE with a continuous phase 
consisting of and aqueous solution of acrylamide (AM) and MBAA, resulting 
in a highly porous polyacrylamide material146. The hydrocarbon surfactants 
required in the formation of o/w HIPEs display limited effectiveness in c/w 
systems and so have been replaced with fluorinated surfactants, including 
perfluoropolyether ammonium carboxylate (PFPE), which exhibit a higher 
solubility in the CO2 phase146.  
Dextran polyHIPEs have been synthesized from c/w HIPEs using the 
fluorinated surfactant PFPE. The polyHIPEs obtained upon the thermal 
curing of the aqueous continuous phase were found to have a fully 
interconnected open-cell morphology and the degree of interconnectivity 
increased with increasing ϕ. As a result of the highly interconnected 
morphology, it is believed that these materials may be suitable for 
biomedical applications140.  
A major drawback of the use of c/w HIPEs in the synthesis of hydrophilic 
porous polymers is the use of fluorinated surfactants. These surfactants are 
expensive and are not biodegradable. In order to remove these surfactants 
there has been some investigation into the use of more inexpensive 
hydrocarbon surfactants135, 136. Polyacrylamide polyHIPEs, similar to those 
described previously, were prepared from c/w HIPEs using a variety of low 
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cost, commercially available, biodegradable hydrocarbon surfactants. The 
inclusion of the redox co-initiator tetremethylethylenediamine (TMEDA) 
allowed for a reduction in the temperature required to polymerize these 
materials from 60 oC to 20 oC149. The AM monomer has been found to be 
toxic and so hydrophilic polyHIPEs have been prepared from monomers 
such as HEA and HEMA with the intention of using these polymers as 
biomaterials149. Other surfactants that have been explored for use in c/w 
emulsions include di- and tri-block copolymers of poly(vinyl acetate) (PVAc) 
and poly(ethylene glycol) (PEG), which have allowed for the formation of 
AM/MBAA polyHIPEs under the same milder conditions as described 
previously150, as well as fluorinated sugar based surfactants151, 152. 
While the use of scCO2 offers several advantages for the synthesis of 
hydrophilic emulsion templated porous polymers, the requirement for 
specialized equipment and the need to at work at high pressures remain the 
limiting factors of this technique. 
1.2.2.2. Photopolymerization 
Photoinitiated polymerizations offer an attractive route to the synthesis of 
porous polymers due to the rapid rates of polymerizations. Photoinitiation 
can reduce the length of time required to cure the polyHIPEs from several 
hours to a matter of seconds. This rapid rate of curing offers an advantage 
when curing highly unstable emulsions. There have been several examples 
of the use of photo-, usually UV, initiation in polyHIPE synthesis. The earliest 
example of this in the literature is the photopolymerization of the acrylate 
monomers EHA and IBOA with a trimethylolpropane triacrylate (TMPTA) 
crosslinker and an organic soluble photoinitiator153. Prior to this the use of 
photopolymerizations had been described in two patents154, 155. Once 
conditions were optimized, N-acryloxysuccinimide (NASI) was incorporated 
into the HIPE in order to produce a polyHIPE with “reactive handles”. ATRP 
initiators can also be incorporated into the EHA/IBOA HIPE prior to curing, 
resulting in porous polymers which can undergo surface functionalization 
via polymer grafting156. Other acrylates, including GMA and EGDMA, have 
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been cured in this way, forming polyHIPEs that can be further 
functionalized90, 157, 158. 
Until recently most photoinitiated HIPE polymerizations involved the use of 
a UV bulb and the resulting materials were in the monolithic form. However, 
the rapid cure times associated with UV initiation make acrylate based 
HIPEs suitable candidates for UV laser curing, resulting in macrostructured 
polyHIPE materials. Emulsions with continuous phase consisting EHA, IBOA, 
TMPTA, photoinitiator and a surfactant were produced. The nominal 
porosities of the material was varied between 75%, 80% and 90% porous 
and the emulsions were cured using both scanning and projection micro-
stereolithography (µL) techniques. The resulting polyHIPE materials were 
found to have the 3D macroscopic structure defined by the laser writing as 
well as the porosity exhibited by bulk cured polyHIPEs159, as shown in 
Figure 1.6.  The ability for fine control over both the macroscopic structure 
and porosity material may find an important role in the design of scaffolds 
for tissue engineering. µL techniques have already found applications in the 
synthesis of microstructured 3D PCL160, PLA161 and PEG-diacrylate162 
scaffolds and biomaterials. 
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Figure 1.6 SEM images of polyHIPE materials produced by µL159. A) Printed lines at write 
speeds of 1-5 mm s-1 from left to right, scale bar 500 µm. B) Two overlapping printed 
squares, scale bar 2 mm. C) Printed grid structure, scale bar 500 µm. D) Tube produced by 
photopolymerization of HIPE while translating in the z-direction, scale bar 1 mm. All insets 
have scale bar 100 µm. Figure reproduced with permission of John Wiley and Sons.  
As previously discussed, there are many reasons why thiol-ene chemistry is 
attractive to the fields of materials and polymer science. The combination of 
thiol-ene and thiol-yne chemistries with the rapid cure times associated 
with photopolymerizations have led to a new class of thiol-ene polyHIPEs 
which have been shown to have morphologies suitable for tissue 
engineering and the added benefit of biodegradability83.  Thiol-ene 
polyHIPEs were first prepared from an emulsion with continuous phase 
consisting TMPTA, trimethylolpropane tris(3-mercaptopropionate) 
(TMPTMP), a surfactant and photoinitiator, with nominal porosities of up to 
80%. The HIPEs were cured in a simple mould consisting a 50 x 50 x 5 mm 
PTFE square frame secured between two glass slides44. The thiol-yne HIPE 
was prepared in a similar manner, replacing the acrylate monomer with the 
alkyne octadiyne44. While photoinitiated polymerizations are the most 
commonly used in the preparation of thiol-ene polyHIPEs, examples of 
thermally initiated curing have been described163.   
µL techniques have also been applied to the curing of thiol-ene HIPEs. 
TMPTA and pentaerythritoltetrakis 3-mercaptopropionate (TT) w/o HIPEs 
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have been successfully cured in a layer-by-layer manner using a high power 
LED as the light source. The resulting polyHIPEs were found to exhibit 
porosity on two scales: the micron scale, as formed during the emulsion-
templating process; and the millimetre scale as dictated by the curing 
pattern164. 
1.2.3. Applications of Emulsion Templated Porous Polymers 
As a result of their morphologies and the ease with which chemical 
functionality can be imparted, emulsion templated porous polymers have 
found applications in a wide range of areas. These areas include: the 
immobilization of enzymes90, 153, catalysts123 and other reagents used in 
organic synthesis126; as scaffolds for tissue engineering136 and 3D cell 
culture89; as materials for gas storage165; and as materials for water 
purification166 and other separation processes167. 
1.2.3.1. Enzyme Immobilization 
Enzymes immobilized on solid supports have found a wide variety of 
applications ranging from catalysts for chemical synthesis168 to 
biosensors169. The high permeability and ease with which the polymer 
surface can be chemically functionalized has led to the use of polyHIPE 
polymers as solid supports for enzyme immobilization153, 170, 171. 
Lipase enzymes are widely used as a cheap and versatile catalyst in the food, 
pharmaceutical172 and energy industries for the hydrolysis of lipids173. One 
major application of these enzymes is the synthesis of biodiesel from 
vegetable oils as an alternative fuel source by the transesterification of 
triglycerides with short chain alcohols174. Immobilizing these enzymes on a 
solid support ensures their reusability, and it has been shown that the 
hydrophobicity of the support has a large impact on the activity of the 
enzyme175. ST/DVB HIPEs copolymerized with polyglutaraldehyde (PGA) 
result in highly hydrophobic polymer networks suitable for the 
immobilization of the lipase enzyme from Thermomyces lanuginosus via 
covalent binding of the enzyme to the polymer surface176-178. In addition to 
its high hydrophobicity, the polyHIPE support was found to offer a number 
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of other advantages over other support materials. These advantages include 
the ease with which the polymer can be produced in large quantities, the 
presence of glutaraldehyde groups on the polymer surface allows for both 
covalent binding of the enzyme to the polymer surface as well as adsorption 
of the enzyme, resulting in loadings of up to 11.4 mg enzyme per 1 g 
polyHIPE. At these loadings biodiesel production from canola oil was found 
to proceed with a conversion of 97%177. The immobilized lipase was found 
to retain its high levels activity across 10 repeat reactions176. Lipase 
enzymes, obtained from Candida antartica, have been successfully 
immobilized on photopolymerized acrylate-based polyHIPEs bearing the N-
succinimide ester moiety at high loadings, and with stable levels of enzyme 
activity153. 
Proteases are another group of enzymes being used as catalysts in chemical 
synthesis179. Protease-catalysed peptide synthesis allows for reactions to 
occur with greater selectivity and under milder reaction conditions than 
solid phase peptide synthesis180. Protease K, obtained from Tritirachium 
album, has been successfully immobilized onto photopolymerized GMA-
polyHIPEs via amine functionalization of surface bound epoxy groups90. The 
activity of the surface bound enzyme, assessed by monitoring the hydrolysis 
of N-acetyl-L-tyrosine ethyl ester monohydrate, was found to be low, but 
increased upon inclusion of a PEG spacer between the enzyme and polymer 
surface90. 
1.2.3.2. Hydrogen Storage 
Fossil fuels are currently the most relied on source of energy, however, due 
to depleting reserves and the effects of greenhouse gases, such as CO2, on 
the environment there is a need to investigate other, cleaner and more 
sustainable sources of energy. Hydrogen gas is an attractive energy source 
due to its high energy density by mass (143.0 MJ kg-1)181, however, its use 
has been limited so far due to two main factors:  
1. Its low energy density by volume (0.0108 MJ l-1)181 
2. Hydrogen gas is highly explosive in air 
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As a result, hydrogen storage tanks must be highly reinforced in order to 
prevent explosions, and able to store large volumes. Motorized vehicles are 
a major source of greenhouse gas pollution, and the need for large, heavily 
reinforced fuel storage tanks makes the use of hydrogen as a clean energy 
source less viable. In order to overcome this alternative hydrogen storage 
methods must be considered. 
While the most common methods of storing hydrogen still remain the 
storage of the compressed gas in high-pressure tanks, storage of 
cryogenically cooled liquid hydrogen, or a combination of the two181-183, 
there has been research into alternative hydrogen storage methods. 
Physisorption of hydrogen onto porous scaffolds and the storage of chemical 
hydrides are two such methods currently being considered184. 
A high surface area is required if a material is to be considered suitable for 
the storage of H2 by physisorption185. While most polyHIPE materials are 
found to have very low surface areas, typically ranging from 3 m2 g-1 and 20 
m2 g-1, the use of inert porogenic solvents and hypercrosslinking reactions 
can lead to dramatic increases in this value82. In the 1970s a class of 
hypercrosslinked polymers with surface areas up to 2000 m2 g-1 186 were 
developed by Davankov et al187. Hypercrosslinking is achieved by the 
Friedel-Crafts condensation of polystyrene with bishalide monomers after 
swelling of the polymer in a good solvent. ST/VBC/DVB polyHIPEs can be 
hypercrosslinked using the Davankov method to yield monolithic porous 
polymers that retain the open pore network typical of a polyHIPE polymer 
but with surface areas up to 1200 m2 g-1. The high surface area is as a result 
of the formation of a network of micropores on the surface of the polymer 
network188. This microporosity imparts the material with a gravimetric 
hydrogen storage capacity of 2.02 wt%189, a value which is much lower than 
the target set by the United States Department of Energy (DOE). The iron 
catalysts used in Friedel-Crafts alkylations creates difficulty in purifying the 
polyHIPE polymers after hypercrosslinking, therefore, the ability to 
introduce microporosity at the polymer surface without the need for a 
Friedel-Crafts catalyst would ease the purification process. ST/DVB 
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polyHIPEs reswollen in a suitable solvent have been hypercrosslinked via 
radical polymerization, initiated by the peroxy initiator di-tert-butyl 
peroxide. Surface areas of up to 355 m2 g-1 were obtained using this 
method119, with the lower values being attributed to the hypercrosslinking 
reaction being a continuation of the polymerization reaction which formed 
the initial polyHIPEs. As a result, any vinyl groups that remained unreacted 
due to lack of a reaction partner would experience the same issue during the 
hypercrosslinking reaction.  
A second approach to the storage of hydrogen in polyHIPE polymers takes 
advantage of the hydrogen storage potential of clathrate hydrates190. The 
use of clathrate hydrates offers an environmental advantage as a high 
proportion of their mass is water. One of the major drawbacks of using 
clathrates lies in the kinetics of clathrate formation in the bulk191. The rate 
of formation can be increased by increasing the surface-to-volume ratio of 
the clathrate. This can be achieved in several ways, but perhaps the most 
appropriate for applications such as the onboard storage of H2 is to disperse 
the clathrate on a solid support192, 193. The large pore volumes and high 
interconnectivity found in polyHIPE materials allow for the support of large 
volumes of clathrate on small masses of polymer. PolyHIPEs comprised of 
DVB and ethylstyrene (ES) have been trialled as clathrate supports165. The 
addition of a THF stabiliser prior to clathrate formation reduced the 
pressure required during clathrate formation194 and helped to overcome the 
hydrophobicity of the ES/DVB polyHIPEs. An H2 storage capacity of 0.18 
wt% was obtained, once again much lower than DOE targets165. 
Despite both the hypercrosslinked polyHIPEs and polyHIPE supported 
clathrate hydrate storage methods investigated giving lower than required 
storage capacities, the low density, and ease with which the materials can be 
produced in bulk make polyHIPEs attractive materials for the storage of 
hydrogen as an alternative fuel source. 
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1.2.3.3. Tissue Engineering and 3D Cell Culture 
At present there is significant interest in the fields of tissue engineering and 
3D cell culture195-197. In the event of severe injury, or failure, of a tissue an 
effective treatment method must be employed in order to repair or replace 
the tissue. Tissue grafting and organ transplantation are, at present, the 
most commonly used treatment methods197, 198, however, there are several 
drawbacks198, 199. The number of donors restricts allografting (the 
transplantation tissue from a donor to a recipient of the same species) with 
demand often greatly outstripping the supply of donated organs and tissues, 
and the risk of rejection results in patients requiring immunosuppressant 
drugs for life199, 200. Autografting (the transplantation of tissue from one part 
of the body to another) is limited by the size and location of injury, as well as 
the tissue type affected200. The procedure is also painful and can also result 
in severe scarring. Xenografting (the cross-species transplantation of 
tissues) was considered as an alternative treatment method, however, the 
other species used generally have shorter lifespans than humans, and hence 
their tissues age quicker. Xenografted tissues can also be a source of disease 
transmission201, rejection202, and introduced a wide range of ethical issues 
surrounding the permanent alteration of an animal’s genetic code203. As a 
result of these drawbacks, the ability to regrow tissues or organs from a 
patient’s own cells in order to transplant them back into the body is 
becoming increasingly attractive.  
In order to culture cells in a 3D environment a scaffold is required to 
support the cells and provide the biological cues found in the cells’ native 
environment. There are several features a material must possess before it 
can be considered for use as a biomaterial. These features include: 
biocompatibility; a surface that allows sufficient cell attachment; a 
morphology that allows for cell infiltration and the transport of nutrients to 
and waste products away from the cells; mechanical properties that 
resemble the mechanical properties of the native tissue; and, if the scaffold 
is to be implanted, biodegradability198. There is a wide range of biomaterials 
that feature the attributes required for tissue engineering and 3D cell 
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culture, including hydrogels204, 205 and electrospun fibres206, and the 
scaffolds have been fabricated from a wide range of materials, including 
natural207 and synthetic polymers208.  
The highly interconnected, porous morphology of a polyHIPE and the ease 
with which the void sizes, elasticity, and chemical functionality of the 
surface can be tuned makes polyHIPE polymers suitable materials for 3D 
cell culture and tissue engineering applications. Early work focussed on the 
development of materials for 3D cell culture, fabricated from the non-
biodegradable STV/DVB polyHIPEs209, 210. A wide variety of cells lines have 
been successfully cultured on ST/DVB polyHIPEs, including hepatocytes211, 
osteoblasts210 and neural cells212. Cells grown in 2D behave differently to 
cells grown in the body, and it is believed that cells cultured in 3D will 
exhibit behaviour closer to those in vivo. The morphology of hepatocytes 
cultured on a thin membrane of ST/DVB polyHIPE were found to more 
closely resemble that of typical liver cells and had significantly more 
microvilli than the same cells cultured in 2D213, 214. The cells grown in 3D 
were also found to synthesize higher concentrations of albumin, a protein 
found in the liver which plays a critical role in several liver functions 
including scavenging free radicals and the binding and transport of drugs. 
Albumin concentration is commonly used as a marker of hepatocyte 
metabolic activity215, and so the higher concentration of albumin observed 
in 3D culture of hepatocytes indicates that growing cells in 3D leads to 
enhanced cell function214. Hepatic cell function can be further explored by 
monitoring cell sensitivity to drugs metabolised in the liver. Methotrexate is 
one such drug which is commonly used in the treatment of solid cancer 
tumours, such as breast cancer, and leukaemia216. Hepatocytes cultured in 
2D were found to be sensitive to methotrexate, and the cells’ metabolic 
function was impaired in a dose-dependent manner. As the concentration of 
methotrexate was increased, a reduction in the number of microvilli was 
observed and the cells were seen to become flat and eventually disintegrate. 
When cultured in the 3D environment provided by the ST/DVB scaffold, the 
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cells showed greater viability when exposed to higher concentrations of the 
drug and responded to the drug in a manner more similar to the liver214.  
The surface of an ST/DVB polyHIPE is relatively inert and the polymer is 
highly hydrophobic. The ability to introduce biofunctionality at the polymer 
surface, either via chemical functionalization or by adsorption of 
biomolecules onto the surface, can be used to provide the biological cues 
cells would normally receive from the extracellular matrix in vivo. There are 
several routes to the preparation of chemically functionalized polyHIPEs, 
the most commonly used during the preparation of polyHIPEs for 3D cell 
culture applications is the copolymerization of a monomer that can be 
further functionalized post-polymerization. Two recent examples are the 
incorporation of acrylic acid into the aqueous phase of a ST/DVB/EHA 
HIPE217, and the incorporation and subsequent modification of PFPA into 
the continuous phase of the same HIPE211. The hydrophilic nature of the 
acrylic acid monomer resulted in an increase in the wettability of the 
scaffold without having a negative impact on hepatocyte adhesion. As a 
result of these observations, it has been suggested that the acrylic acid can 
be used as a route to further functionalization of ST/DVB polyHIPEs217.  The 
use of active esters, such as PFPA, as a route to the post-polymerization 
modification of polyHIPE polymers was first explored in a thiol-ene 
polyHIPE system99. Subsequently, its inclusion in a ST/DVB/EHA polyHIPE 
was investigated as a route to galactose functionalized polyHIPEs211. 
Hepatocyte cells are known to possess a cell-surface asiaglycoprotein 
receptor218 (ASGPR) which binds specifically to galactose219. This 
interaction can be targeted in order to improve cell-scaffold binding and cell 
function. As with previous studies, albumin production was monitored as an 
indication of the metabolic function of the hepatocyte cells, and was found to 
be increased in cells cultured on galactose functionalized polyHIPEs. This 
enhanced albumin production diminished with longer culture times. This 
decrease is believed to be due to non-specific binding of serum proteins to 
the polyHIPE surface, and needs to be addressed if galactose-functionalized 
polyHIPEs are to find widespread application in hepatocyte culture211.  
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ST/DVB scaffolds can be enhanced for 3D cell culture applications by the 
adsorption of biologically relevant molecules onto the polymer surface210. 
The mineral hydroxyapatite (HA) is found in bone and teeth220, and many 
implants, such as hip replacements, are coated in HA to promote integration 
between living bone and the implant221. Osteoblast cells cultured on ST/DVB 
scaffolds exhibited mineralization upon culture for 28 and 35 days and the 
genes associated with osteoblast differentiation were observed. When 
cultured upon HA modified polyHIPEs, there was an increase in the number 
of cells penetrating into the polyHIPE polymer, and an increase in 
mineralization was observed, indicating that coating the polyHIPE with HA 
improves the osteoconductivity of the polyHIPE210.  
There is a desire to prepare scaffolds for tissue engineering that are 
biodegradable. These scaffolds can be implanted into the body in order to 
support the growing tissue, degrading over time, until the tissue has been 
fully repaired, and the scaffold replaced with ECM. Degradable scaffolds are 
particularly attractive as it removes the need for a second surgery to remove 
the scaffold. As previously discussed, biodegradable polyHIPE have been 
prepared from vinyl-terminated PLA and PCL, as well as by thiol-ene 
chemistry136, 222. Human fibroblasts cultured on PCL-polyHIPEs for 2.5 days 
were shown to exhibit the spindle morphology typical of fibroblasts, 
indicating cell proliferation and tissue growth. Human keratinocytes were 
also successfully cultured on scaffolds prepared using thiol-ene chemistry, 
indicating that these scaffolds are biocompatible83, however further 
investigation into biodegradable scaffolds prepared by both thiol-ene 
chemistry and from biopolymers is needed. 
1.3. Aims and Objectives 
The aim of this project is to explore the use of thiol-ene “click” chemistry in 
the synthesis and subsequent functionalization of emulsion templated 
porous polymers.  
PolyHIPEs materials have been prepared using multi-functional thiol and 
acrylate monomers, and the presence of residual, unreacted thiols within 
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these materials has been investigated. Two routes to the chemical 
functionalization of the polymers using these unreacted thiol groups are 
explored, using a range of acrylate and thiol monomers.  
Thiol-acrylate polyHIPEs incorporating an active ester monomer were also 
prepared and investigated as a route to the preparation of polyHIPEs 
featuring biologically relevant molecules at the polymer surface. 
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2. Experimental  
2.1. PolyHIPE Synthesis 
2.1.1. Materials 
The monomers trimethylolpropane tris(3-mercaptopropionate) and 
trimethylolpropane triacrylate were obtained from Sigma Aldrich and used 
without any further purification. The photoinitiator, diphenyl (2, 4, 6-
trimethyl benzoyl) – phosphine oxide/ 2-hydroxy-2-methylpropiophenone, 
and solvent, 1,2-dichloroethane, were also obtained from Sigma Aldrich and 
used as supplied. The surfactant, a polyhydroxystearic acid and 
polyethylene glycol copolymer (Hypermer B246), was obtained from Croda 
and used as supplied. 
2.1.2. PolyHIPE Preparation 
The oil phase, consisting of trimethylolpropane tris(3-mercaptopropionate), 
trimethylolpropane triacrylate, 1,2-dichloroethane, surfactant and 
photoinitiator, was added to a 250 ml two-necked round bottom flask with 
continuous stirring at 350 rpm from an overhead stirrer. The water phase 
was added dropwise, until an emulsion formed. This was then stirred for a 
further minute in order to ensure the emulsion was homogenous. 
The emulsion was then poured into a mould, consisting of a 80 mm x 80 mm 
x 3 mm PTFE square between two glass slides, and photocured. The 
photocuring was conducted using a Fusion Systems Inc. Light Hammer 6 
variable power system fitted with an H-bulb. UV radiation is emitted over a 
broad spectrum, with most emission between 200-450 nm. The cured 
polyHIPE was then then washed in acetone, and then washed further by 
Soxhlet extraction with dichloromethane at 50 °C overnight. The polyHIPE 
was then left to dry under high vacuum for several hours. 
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2.1.3. PFPA-PolyHIPE Preparation 
The oil phase, consisting of trimethylolpropane tris(3-mercaptopropionate), 
dipentaerythritol penta-/hexa-acrylate, pentafluorophenyl acrylate, 1,2-
dichloroethane, surfactant and photoinitiator, was added to a 250 ml two-
necked round bottom flask with continuous stirring at 350 rpm from an 
overhead stirrer. The water phase was added dropwise, until an emulsion 
was formed. This is then stirred for a further minute in order to ensure the 
emulsion is homogenous. The emulsion is then moulded and photocured as 
described previously. 
2.1.4. UV Curing 
All UV curing was carried out using a Fusion UV Systems, Inc. Light Hammer 
6 variable power UV curing system with bench-top conveyer. The operating 
wavelength of the H-bulb is 200-450 nm. 
2.2. PolyHIPE Functionalization – Residual Thiol 
2.2.1. Materials 
All chemicals were obtained from Sigma Aldrich and used without further 
purification with the exception of the initiator azobisisobutyronitrile, AIBN, 
which was obtained from BDH Chemicals and was used without further 
purification. 
2.2.2. UV Initiated Post-Polymerization Functionalization of 
PolyHIPEs by Clicking to Residual Thiols 
100 mg polyHIPE was frozen in liquid nitrogen and then ground to a powder 
with a mortar and pestle. This powder was then transferred to a glass vial 
and 10 ml chloroform added. The polyHIPE was left to swell in the 
chloroform for 10 minutes. Two molar equivalents of the desired acrylate 
(mass given in Table 2.1, structure in Figure 2.1) and 0.5 equivalents AIBN 
were added to the polyHIPE and the resulting solution was exposed to UV 
radiation. The polyHIPE was then washed with chloroform and dried under 
reduced pressure. The quantities of acrylates used are shown in Table 2.1. 
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2.2.3. Thermally Initiated Post-Polymerization 
Functionalization of PolyHIPEs by Clicking to Residual 
Thiols 
100 mg polyHIPE was frozen in liquid nitrogen and then ground to a powder 
with a mortar and pestle. This powder was then transferred to a glass vial 
and 10 ml toluene added. The polyHIPE was left to swell in the toluene for 
10 minutes. Two molar equivalents of the desired acrylate (mass given in 
Table 2.1, structure in Figure 2.1) and 0.5 equivalents AIBN were added to 
the polyHIPE and the resulting solution was left in an oven at 60 oC 
overnight. The polyHIPE was then washed with toluene and dried under 
reduced pressure. The quantities of acrylates used are shown in Table 2.1. 
2.2.4. Post-Polymerization Functionalization of PolyHIPEs by 
Amine Catalysed Michael Addition 
100 mg polyHIPE was swollen in 10 ml methanol for 10 minutes. Two molar 
equivalents of the desired acrylate (mass given Table 2.1, structure in Figure 
2.1) and 5 µl triethylamine were added to the polyHIPE and the resulting 
solution was left at room temperature for 48 hours. The polyHIPE was then 
washed with methanol and dried under reduced pressure. 
Table 2.1. Quantities of acrylates used to functionalize thiol-acrylate polyHIPEs 
Acrylate Mass of Acrylate (g) No. Moles Acrylate 
(mmol) 
Hexafluoroisopropyl 
Acrylate 
0.070 0.3 
Fluorescein O-Acrylate 0.120 0.3 
Poly(ethylene glycol) 
methacrylate methyl 
ether 
0.154 0.3 
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Figure 2.1 Chemical structure of acrylates used to functionalize thiol-acrylate polyHIPEs 
via thiol-ene “click” chemistry and Michael addition. a) hexafluoroisopropyl acrylate 
(HFIPA), b) poly(ethylene glycol) methacrylate methyl ether (PEGMA), c) fluorescein O-
acrylate. 
2.2.5. Post-Polymerization Formation of Disulphide Bonds by 
Disulphide Exchange 
200 mg polyHIPE was swollen in THF for 10 minutes. Two molar 
equivalents of Ellman’s reagent and diisopropylethylamine (15 µl) were 
dissolved in methanol (7 ml), and the solution added to the polyHIPE. The 
reaction was then left to proceed for 1 hour at room temperature after 
which the polyHIPE was washed in methanol and dried under reduced 
pressure. 
2.2.6. Post-Polymerization Formation of Disulphide Bonds via 
a Sulfenylthiosulphate Intermediate 
200 mg polyHIPE was swollen in methanol for 10 minutes. 100 mg sodium 
tetrathionate was added to the polyHIPE and left to react for 1 hour. Any salt 
impurity was removed by Soxhlet extraction in methanol. The polyHIPE was 
then swollen in a solution of ATDT (42 mg) in methanol (15 ml). The 
reaction was left to proceed for 2 hours at room temperature. The polyHIPE 
was then washed in methanol and dried under reduced pressure. 
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2.3. PolyHIPE Functionalization – PFPA  
2.3.1. Materials 
All chemicals were obtained from Sigma Aldrich and used without further 
purification. 
2.3.2. PFPA Synthesis 
4.00 g pentafluorophenol and 2.64 g triethylamine were dissolved in dry 
diethyl ether in a two-neck round bottom flask. 2.36 g acryloyl chloride was 
added dropwise under cooling with an ice bath. The ice bath was then 
removed and the mixture was stirred for two hours at room temperature. 
The precipitate salt was removed by filtration. After evaporation of the 
solvent the residue was filtered again and purified by column 
chromatography (silica gel, petroleum ether). 
The mass of PFPA obtained was 3.20 g, giving a yield of 80%. 
1H NMR (CDCl3): δ/ppm: 6.70 (d, 1H), 6.35 (dd, 1H), 6.16 (d, 1H). 
2.3.3. Post-Polymerization Functionalization of PFPA-
PolyHIPEs – Tris(2-Aminoethyl) Amine 
0.5 g polyHIPE was left to swell in methanol for 10 minutes. A solution of 
tris(2-aminoethyl) amine (0.027 g) and triethylamine (0.025 g) in 2 ml 
methanol was prepared and added to the polyHIPE. The polyHIPE solution 
was then left for 48 hours at room temperature. The polyHIPE was then 
removed from the methanol solution and washed by Soxhlet extraction in 
methanol for 12 hours. The polyHIPE was then dried under reduced 
pressure. 
2.3.4. Post-Polymerization Functionalization of PFPA-
PolyHIPEs – L-Alanine 
0.25 g polyHIPE was swelled in methanol for 10 minutes. A solution of L-
alanine (0.01 g, chemical structure shown in Figure 2.2) and triethylamine 
(0.013 g) in 20 ml methanol was prepared and then brought to pH 10 using 
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sodium hydroxide. The swollen polyHIPE was then transferred to the amino 
acid solution and left at room temperature for 48 hours. The polyHIPE was 
then washed by Soxhlet extraction for 12 hours and then dried under 
reduced pressure. 
 
Figure 2.2 Chemical Structure of L-alanine. 
2.3.5. Post-Polymerization Functionalization of PFPA-
PolyHIPEs – RGD 
0.25 g polyHIPE was swelled in methanol for 10 minutes. A solution of 
arginylglycylaspartic acid (RGD) (23 mg) and triethylamine (0.013 g) in 20 
ml methanol was prepared and then brought to pH 10 using sodium 
hydroxide. The swollen polyHIPE was then transferred to the amino acid 
solution and left at room temperature for 48 hours. The polyHIPE was then 
washed by Soxhlet extraction for 12 hours and then dried under reduced 
pressure. 
 
Figure 2.3 Chemical structure of RGD. 
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2.4. Peptide Synthesis 
2.4.1. Materials 
Rink amide resin and amino acids were obtained from Novabiochem and 
used as received.  
PyBOP was obtained from Apollo Scientific and used without further 
purification. 
All other chemicals were obtained from Sigma Aldrich and used as received.  
2.4.2. Peptide (GGRGD) Synthesis 
1 g rink amide resin (loading 1.1 mmol g-1) was swollen in a mix of 2.5 ml 
dimethylformamide (DMF) and 2.5 ml DCM for 1 hour. The DCM was then 
washed off with DMF. The resin was then deprotected for 5 minutes in 5 ml 
of a solution of 20% piperidine in DMF. The piperidine was then washed off 
and the deprotection repeated for 10 minutes. The resin was then washed 
thoroughly with DMF. 
A solution of 0.796 g of PyBOP, 0.19 ml N-methylmorpholine (NMM) and 
0.641 g aspartic acid in 5 ml DMF was prepared and left for 10 minutes in 
order to activate the c-terminus of the amino acid. This solution was then 
added to the deprotected resin, which was then shaken for 2 hours at 320 
rpm. The resin was then washed with DMF and the procedure was repeated. 
The amino acid was then deprotected using the same procedure used for 
resin deprotection and the next amino acid then coupled by the same 
method as described above. 
Once all amino acids were coupled, the peptide was then cleaved from the 
resin and any acid sensitive protecting groups removed from the amino acid 
side chains. This was done by adding a 38:1:1 mixture of trifluoroacetic acid 
(TFA), water and triisopropyl silane (TIPS, 3 ml in total) to the resin. The 
resin was then left for 3 hours with occasional stirring. The resin was then 
removed from the peptide solution by filtration and the peptide was then 
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precipitated into cold diethyl ether. The ether was then removed with a 
pipette and the peptide was then freeze dried in a minimum of water. 
The chemical structure of the GGRGD peptide is shown in Figure 2.4. 
 
Figure 2.4 Chemical Structure of GGRGD. 
2.5. PolyHIPE Characterization 
2.5.1. Raman 
All Raman spectroscopy data was recorded using a HORIBA Jobin Yvon 
LabRAM HR 800 with a built in 633 nm He:Ne laser. All spectra are 
referenced to Si band (ν = 520.07 cm-1). 
2.5.2. Solid State NMR Spectroscopy 
Solid-state 19F NMR spectra were obtained using a Varian VNMRS 400 
spectrometer using a direct polarisation experiment at a frequency of 
282.087 MHz. 
Solid-state 13C NMR spectra were obtained using a VNMRS 400 
spectrometer using a direct polarisation excitation experiment at a 
frequency of 100.56 MHz. 
All solid state NMR spectra were obtained using the on board Varian NMR 
software and spectral referencing is the respect to external, neat 
tetramethylsilane. All polyHIPE samples were ground to a powder prior to 
obtained solid state NMR spectra. 
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2.5.3. XPS 
X-ray photoelectron spectra were carried out by Dr. Naoko Sano at the 
National EPSRC User’s Service (NEXUS) at Newcastle University, an EPSRC 
Mid-Range Facility. 
2.5.4. FT-IR 
All IR spectra were obtained using a Perkin Elmer 1600 series FTIR 
spectrometer equipped with a Golden Gate ATR element.  
2.5.5. Elemental Analysis 
Elemental microanalyses were carried out by Mr. Stephen Boyer at the 
Microanalysis Service, London Metropolitan University. 
2.5.6. Scanning Electron Microscopy 
PolyHIPE morphology was investigated using a Philips/FEI XL30 ESEM 
operating at 20 kV. Fractured polyHIPE pieces were sputter-coated with 
gold to enhance conductivity and mounted on carbon fibre pads adhered to 
aluminium stubs. The void diameters were obtained using Image J Version 
1.44p. One hundred voids were measured in a random walk of voids across 
the obtained micrograph. During fracturing, voids are unlikely to be exactly 
bisected, and so the voids obtained by this method are an underestimation. 
In order to account for this a statistical correction factor is applied107. 
2.5.7. Determination of Thiol Loading Using Ellman’s Reagent 
5-10 mg polyHIPE was frozen in liquid nitrogen and then ground to a 
powder with a mortar and pestle. This powder was then transferred to a 5 
ml volumetric flask and 1 ml THF was added. The polyHIPE was left to swell 
for 10 minutes. During this time a 1 ml solution of Ellman’s reagent (5 μmol) 
in ethanol was prepared. This solution was then added to the polyHIPE 
along with 5 μl diisopropylethylamine. The flask was then shaken for 30 
minutes and then diluted to 5 ml with ethanol.  This solution was then 
filtered and diluted to a concentration between 5 μmol and 5mmol in a 96 
well plate and the absorbance measured at 412 nm.  
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3. Results and Discussion 
3.1. Trithiol-Triacrylate PolyHIPEs 
3.1.1. Trithiol-Triacrylate PolyHIPE Synthesis 
The preparation of thiol-ene polyHIPEs from trimethylolpropane tris-
mercaptopropionate (TMPTMP) and trimethylolpropane triacrylate 
(TMPTA) has been described previously44 (Scheme 3.1). Briefly: water was 
added dropwise to an oil phase consisting of TMPTMP, TMPTA, 1,2-
dichloroethane, surfactant and a photoinitiator. Once the emulsion was 
formed it was then poured into a mould and cured by passing under UV 
radiation. The solid polyHIPE was then washed in acetone to remove the 
aqueous droplet phase and dried under reduced pressure to yield the final 
polyHIPE polymer. 
 
Scheme 3.1 Preparation of thiol-acrylate polyHIPEs from TMPTMP and TMPTA. Scale bar = 
50 µm. 
The morphology of the obtained polyHIPEs was investigated using scanning 
electron microscopy (SEM). The polyHIPE samples were found to be highly 
porous and a fully interconnected, open cell morphology was observed 
(Figure 3.1).  
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Figure 3.1 Morphology of 50:50 TMPTMP/TMPTA polyHIPE as obtained by SEM polyHIPE 
at two different magnifications. 
The measured void diameters are found to range from 10 – 100 µm, as 
shown in Figure 3.2. 
 
Figure 3.2 Void diameter range observed for (front to back) 40%, 50% and 60% TMPTMP 
polyHIPEs. 
A major advantage of using thiol-ene “click” chemistry is the resilience of 
any unreacted carbon-carbon double bonds and thiols within the polymer 
network to reaction upon storage compared to reactive monomers, such as 
pentafluorophenyl acrylate (PFPA), which may undergo hydrolysis. The 
presence of residual vinyl groups in (vinyl)polystyrene polyHIPEs has 
previously been used as a route to the functionalization of these polymers 
post-polymerization. Thiol-bearing molecules were added across these 
double bonds via both batch and cross-flow methods, and the reactions 
were monitored using analytical techniques such as fourier transform 
a) b) 
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infrared (FT-IR spectrscopy) and elemental microanalysis. This project aims 
to show that residual thiols found within thiol-acrylate polyHIPEs can be 
used to functionalize the polymer surface with acrylate-containing 
molecules and can also be used in the formation of disulphide bonds. 
Raman spectroscopy (Figure 3.3) was used in order to show the presence of 
unreacted thiol groups within the thiol-acrylate polyHIPEs. 
 
Figure 3.3 Raman spectrum of 60 % thiol trithiol-triacrylate polyHIPE. 
The small peak at ~2500 cm-1 indicates the presence of thiol groups within 
the polyHIPE, while the larger peak at ~2900 cm-1 represents the aliphatic 
C-H bonds. 
The theoretical level of unreacted thiol within the 60% thiol polyHIPE can 
be calculated using Equation 3.1223 
 (3.1) 
 
where ninitial thiol groups is the number of thiol groups in the HIPE prior to 
curing and ninitial π bonds is the number of carbon-carbon double bonds in the 
HIPE prior to curing. The theoretical level of thiol loading was found to be 
1.7 mmol g-1; however, possible acrylate homopolymerization during the 
( )initial thiol groups initial bondsn n
ThiolLoading
Total massof reagents


S-H C-H 
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formation of the polyHIPE leads to unreacted thiol groups in polyHIPEs 
containing 50% of the trithiol monomer and 40% of the trithiol monomer, 
which the above equation cannot account for. In order to quantify the 
amount of unreacted thiol within these polyHIPEs a colorimetric assay using 
Ellman’s reagent was used224. The mechanism for the formation of the 
chromophore is shown in Scheme 3.2 and the number of moles of thiol 
detected using the assay is shown in Figure 3.4. 
 
Scheme 3.2 Formation of the chromophore during colorimetric assay using Ellman’s 
reagent. 
 
Figure 3.4 Number of moles of unreacted thiol groups in trithiol-triacrylate 
polyHIPEs. 
75 | P a g e  
 
As expected, the highest level of unreacted thiol is seen in the 60% thiol 
polyHIPE, with the next highest being found in the 50% thiol polyHIPE and 
the lowest level in the 40% thiol material.  
3.1.2. Radical-Mediated Thiol-Ene “Click” and Michael Addition 
Reactions to Residual Thiols in Triacrylate-Trithiol 
PolyHIPEs 
The unreacted thiol within the thiol-ene polyHIPEs was utilized in order to 
functionalize the polyHIPEs post-polymerization. Both radical-mediated 
thiol-ene “click” reactions and Michael additions were explored for this 
purpose, the mechanism for which are shown in Scheme 3.3. Both thermally 
initiated and photoinitiated “click” reactions were carried out. The acrylates 
chosen to be added to the polyHIPE surface included hexafluoroisopropyl 
acrylate (HFIPA), fluorescein-O-acrylate and PEG-methacrylate (PEGMA). 
These were chosen due to the ease with which they could be detected using 
common analytical techniques such as NMR spectroscopy and x-ray 
photoelectron spectroscopy (XPS) or due to change in surface properties. 
Functionalization reactions were originally carried out on powdered 
polyHIPE samples as intended characterization, including solid state NMR 
and colorimetric assays, require powdered samples. Further 
characterization techniques, including XPS, require monolithic samples and 
so the methodology was changed and functionalization was carried out on 
solid polyHIPE samples which were then ground to a powder post-
functionalization when required. 
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Scheme 3.3 Functionalization of thiol-acrylate polyHIPEs by radical mediated “click” and 
Michael addition reactions. 
The addition of HFIPA to the polyHIPE surface was monitored by solid state 
19F NMR spectroscopy (Figure 3.5). In all three cases (photoinitiated “click”, 
thermally initiated “click”, and Michael addition), a peak at ~73 ppm was 
observed, indicating the presence of HFIPA in the polyHIPEs. The 19F NMR 
spectrum of an unfunctionalized polyHIPE sample did not show any peaks. 
 
Figure 3.5 Solid state 19F NMR spectrum of 50% TMPTMP thiol-acrylate polyHIPE 
functionalized post-polymerization with HFIPA via thermal and photo-initiated “click” 
reactions and by a Michael addition. 
X-ray photoelectron spectroscopy (XPS) can also be used to monitor the 
surface functionalization of the thiol-acrylate polyHIPEs. Both survey and 
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high-resolution spectra were obtained for each sample, and are shown in 
Figure 3.6.  
 
Figure 3.6 XPS of 40% TMPTMP polyHIPEs surface functionalized with HFIPA. a) Survey 
scan, b) high-resolution F 1s spectrum. 
The fluorine 1s electron can be observed at 686 eV in both the survey and 
high-resolution spectra, with the peaks at 534 eV and 284 eV representing 
the 1s electrons in the carbon atoms of carbonyl groups and oxygen 1s 
a) 
b) 
F 1s 
C 1s 
O 1s 
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electrons respectively. The difference in peak heights indicates a higher 
level of functionalization has been achieved for the thermally initiated 
“click” and Michael addition methods than for the photoinitiated “click” 
functionalization.  In order to investigate this further, the Ellman’s reagent 
colorimetric assay was repeated on the functionalized polyHIPEs, and the 
results are summarized in Table 3.1. 
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The Ellman’s assay confirms that a higher level of functionalization is 
achieved for both the thermally initiated “click” and Michael addition 
reactions across all three thiol concentrations. This could be attributed to 
the longer reaction times associated with these two methods compared with 
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the photoinitiated functionalization reaction or due to a lack of penetration 
of UV into the opaque polyHIPE. 
 The level of functionalization achieved using the photoinitiated “click” 
method on the 40% TMPTMP polyHIPE was much lower than expected 
(~0%). The concentration of residual, unreacted thiol on the surface of all 
three polyHIPE samples post-functionalization via the photoinitiated “click” 
reaction are comparable, suggesting that a percentage of the thiols of the 
surface of a thiol-acrylate polyHIPE are inaccessible on the timescale of the 
photoinitiated “click” reaction. The initial concentration of thiol is much 
lower in the 40% TMPTMP sample than the other polyHIPE samples 
prepared (0.09 mmol g-1, compared with 0.25 mmol g-1 and 0.35 mmol g-1 
for the 50% TMPTMP and 60% TMPTMP polyHIPE respectively), and is 
roughly the same as the concentration obtained post-functionalization. 
Therefore, it can be concluded that all of the thiol on the surface of the 40% 
TMPTMP polyHIPE cannot be accessed by further acrylate containing 
molecules during the short reaction time associated with the photoinitiated 
“click” reaction. 
The morphology of the functionalized polyHIPEs was investigated using 
SEM. As with the unfunctionalized polyHIPEs described previously, the 
polymers display an open cell morphology with fully interconnected voids 
(Figure 3.7).  
81 | P a g e  
 
 
Figure 3.7 Morphology of TMPTMP/TMPTA polyHIPEs functionalized with HFIPA post-
polymerization as obtained by SEM. a), b) SEM images of 60% TMPTMP polyHIPE after 
functionalization via a thermally initiated “click” reaction at two different magnifications. c), 
d) SEM images of 60% TMPTMP polyHIPE after functionalization via a UV initiated “click” 
reaction at two different magnifications. e), f) SEM images of 60% TMPTMP polyHIPE after 
functionalization via a Michael addition at two different magnifications.  
The range of void diameters observed was measured and the results are 
summarized in Figure 3.8. 
a) 
d) 
b) 
c) 
e) f) 
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Figure 3.8 Void diameter range observed for (front to back) 40% TMTMP polyHIPE before 
functionalization, 40% TMPTMP polyHIPE after functionalization via a thermally initiated 
“click” reaction, 40% TMPTMP polyHIPE after functionalization via a photoinitiated “click” 
reaction, 40% TMPTMP polyHIPE after functionalization by a Michael addition. 
The diameter of the observed voids falls within the same range as those in 
the unfunctionalized polyHIPEs and the surface of the polymer appears the 
same. Therefore, it can be deduced that surface functionalization of these 
thiol-acrylate polyHIPEs via “click” and Michael addition reactions does not 
alter the morphology of the polyHIPEs. 
The fluorescent acrylate, fluorescein O-acrylate, was grafted to the surface in 
order to give a visual demonstration of the functionalization reaction 
(Figure 3.9). Prior to functionalization the polymer fluoresces blue under UV 
radiation. Upon grafting of fluorescein O-acrylate to the surface the 
polyHIPE then exhibits the yellow/green colour characteristic of the 
fluorescent acrylate. Extensive washing via Soxhlet extraction suggests that 
this colour change is due to fluorescein O-acrylate that is chemically bonded 
to the polyHIPE surface rather than trapped in the crosslinked polymer 
network.  
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Figure 3.9 Thiol-acrylate polyHIPE functionalized with fluorescein O-acrylate under UV 
light. Functionalization carried out via a thermally initiated “click” reaction: a) 
unfunctionalized polyHIPE, b) 40% TMPTMP polyHIPE, c) 50% TMPTMP polyHIPE, d) 60% 
TMPTMP polyHIPE. Functionalization carried out via a photoinitiated “click” reaction: e) 
unfunctionalized polyHIPE, f) 40% TMPTMP polyHIPE, g) 50% TMPTMP polyHIPE, h) 60% 
TMPTMP polyHIPE. Functionalization carried out via a Michael addition: i) unfunctionalized 
polyHIPE, j) 40% TMPTMP polyHIPE, k) 50% TMPTMP polyHIPE, l) 60% TMPTMP 
polyHIPE.  
It was hypothesized that surface functionalization via the thermally initiated 
“click” and Michael addition reactions should give sufficient levels of 
functionalization in order to change the surface properties of the polymer. 
In order to investigate this, a short chain PEG-methacrylate (PEGMA, Mn = 
300 Da) was chosen and grafted to the surface. The presence of PEGMA 
within the polyHIPE network was then determined by solid state 13C NMR 
spectroscopy (Figure 3.10). The peak at 71 ppm represents the carbon in the 
PEG chain and is not observed in the spectrum of an unfunctionalized 
sample. 
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Figure 3.10 Solid state 13C NMR spectrum of 50% TMPTMP thiol-acrylate polyHIPE 
functionalized post-polymerization with PEGMA. 
The change in the hydrophobicity of the surface after the polyHIPEs were 
functionalized with PEGMA was tested as follows: water droplets coloured 
with blue food dye (a mixture of brilliant blue and carmoisine which should 
not affect the surface tension of water) were added to the surface of the 
polyHIPE and monitored in order to see if the droplets were absorbed into 
the polymer network (Figure 3.11). PolyHIPEs containing 60% TMPTMP 
functionalized by both the thermal “click” and Michael addition methods 
exhibited a changed in surface hydrophobicity and the water droplets were 
seen to soak into the polymer. The surface concentration of PEGMA was 
found to be too low to induce a change in the properties of the polymer 
surface in all samples containing lower TMPTMP concentrations as well as 
the 60% TMPTMP polyHIPE functionalized via the UV initiated “click” 
reaction. 
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Figure 3.11 Water droplets added to the surface of 60% TMPTMP thiol-acrylate polyHIPEs. 
a) polyHIPE before addition of PEGMA to the surface, b) polyHIPE after the addition of 
PEGMA by a UV initiated “click” reaction, c) polyHIPE after the addition of PEGMA by a 
thermally initiated “click” reaction, d) polyHIPE after the addition of PEGMA by a Michael 
addition. Pink colouration observed in (d) is an artefact of the camera used to obtain the 
image. 
 
3.1.3. Disulphide Bonds in Trithiol-Triacrylate PolyHIPEs 
As well as thiol-ene “click” and Michael addition chemistries, thiol-
containing molecules are also known to form disulphide bonds, and so it 
was hypothesized that the unreacted thiol in the thiol-acrylate polyHIPE 
network may form disulphide bonds with other thiol-containing molecules. 
Disulphide bonds between the polymer surface and two different thiol 
containing molecules were formed via two reaction methods. The first of 
these methods is the base catalysed reaction of 5,5’-dithiobis-(2-
nitrobenzoic acid) (Ellman’s reagent) with the surface bound thiol groups, 
as shown in scheme 3.4. The disulphide bond in Ellman’s reagent undergoes 
a disulphide exchange, releasing a chromogenic molecule, 5-sulphido-2-
nitrobenzoate (TNB). TNB absorbs strongly at 412 nm, and a single 
molecule is released from each molecule of Ellman’s reagent that reacts with 
a surface bound thiol group224. It is this quantitative release of a 
chromogenic molecule which is the basis of the colorimetric assay used to 
a) 
d) 
b) 
c) 
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determine the percentage of functionalization achieved using “click” and 
Michael addition chemistries.  
 
Scheme 3.4 Functionalization of thiol-acrylate polyHIPEs via a thiol-disulphide exchange 
with Ellman’s reagent. 
Due to its nitrogen content, the presence of Ellman’s reagent on the surface 
of the polyHIPEs can be determined by both XPS, as shown in Figure 3.12, 
and elemental analysis. 
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Figure 3.12 XPS of TMPTMP polyHIPEs surface functionalized with Ellman’s reagent. a) 
Survey scan, b) high-resolution N 1s spectrum. 
Both the survey scan and high resolution XPS spectra show a low intensity 
nitrogen peak at 399 eV, representing the nitrogen 1s electron, with peaks 
at 534 eV and 284 eV representing the 1s electrons in the carbon atoms of 
carbonyl groups and oxygen 1s electrons respectively . The low intensity of 
the nitrogen 1s peak indicates that the concentration of nitrogen at the 
polymer surface is low. The overall percentage functionalization achieved 
can be obtained by elemental analysis, the results of which are summarized 
in Table 3.2. 
a) 
b) 
N 1s 
C 1s 
O 1s 
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Table 3.2 Percentage functionalization of thiol-acrylate polyHIPEs functionalized with 
Ellman’s reagent as determined by elemental analysis. 
PolyHIPE % Nitrogen 
(Theoretical) 
% Nitrogen 
(Obtained)  
% Functionalization 
40% Thiol 0.64 0.64 100 
50% Thiol 1.79 1.41 79 
60% Thiol 2.50 <0.1 0 
 
A high percentage functionalization was obtained for both the 40% 
TMPTMP and 50% TMPTMP samples, however, the percentage of nitrogen 
in the 60% TMPTMP sample was too low to be detected. The high-resolution 
N 1s XPS spectrum of the same sample indicates that there is a low 
concentration of nitrogen on the surface of the polymer. This nitrogen 
concentration may be too low to be detected by elemental analysis. In order 
to ascertain the reason for the conflicting elemental analysis and XPS results 
in the case of the 60% TMPTMP polyHIPE other analytical techniques must 
be explored. Using a wider range of thiol molecules would allow for a more 
thorough evaluation of this method using simple analytical techniques such 
as NMR and FT-IR spectroscopy. Longer reaction times may also result in a 
higher degree of functionalization, allowing for the detection of nitrogen 
using the elemental analysis technique. The high percentage of N observed 
by elemental analysis in the 40% TMPTMP sample may also be falsely high. 
This could be due to incorrect washing of the sample, resulting in Ellman’s 
reagent being trapped in the polyHIPE network as opposed to bound to the 
polymer surface.  
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The morphology of the functionalized polyHIPEs was investigated using 
SEM (Figure 3.13). 
 
Figure 3.13 Morphology of TMPTMP/TMPTA polyHIPE after addition of Ellman’s reagent 
to the polymer surface as obtained by SEM. a), b) SEM images of 40% TMPTMP polyHIPE at 
two different magnifications.  
The polyHIPEs display open cell morphology with fully interconnected 
voids, suggesting the formation of disulphide bonds between the thiol 
groups in the polyHIPE network and the thiol group in Ellman’s reagent has 
not resulted in any visible changes to the polymer surface. The void 
diameters were also measured, the results of which are shown in Figure 
3.14 
 
Figure 3.14 Void diameter range observed for 40% TMPTMP polyHIPE functionalized post-
polymerization with Ellman’s reagent. 
 The diameter of the obtained voids falls within the same range as those in 
the unfunctionalized polyHIPEs  
a) b) 
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The second method used in the formation of disulphide bonds between the 
surface of thiol-acrylate polyHIPEs and a thiol containing molecule uses 
sodium tetrathionate in order to form a reactive sulfenylthiosulphate 
intermediate. Another thiol group, in this case the thiol in 5-amino-1,3,4-
thiadiazole-2-thiol (ATDT), can then be coupled to the reactive intermediate, 
displacing the thiolsulphate group, forming a disulphide bond, the 
mechanism for this is shown in Scheme 3.5. The thiol used, ATDT, was 
chosen due to its high nitrogen content, allowing for its detection by XPS and 
elemental analysis, and the presence of an amine group, which allows for the 
use of FT-IR spectroscopy. 
 
Scheme 3.5 Functionalization of thiol-acrylate polyHIPEs with ADTD via the formation of a 
reactive sulfenylthiosulphate intermediate. 
Amines can be identified using FT-IR spectroscopy with two characteristic 
peaks: the first of these, the N-H stretch, occurs at 3400 – 3500 cm-1; the 
second, the C-N stretch, at 1560 – 1640 cm-1. The FT-IR spectrum obtained 
for a trithiol-triacrylate polyHIPE with ATDT grafted to the surface via a 
disulphide linkage is shown in Figure 3.15. 
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Figure 3.15 FT-IR spectrum of 60% TMPTMP polyHIPE functionalized post-polymerization 
with ATDT. 
The broad peak at 3400 cm-1 and the smaller peak at 1640 cm-1 in the FT-IR 
spectrum of a 60% TMPTMP polyHIPE after undergoing surface 
functionalization with ATDT indicate the presence of an amine on the 
polymer surface. The nitrogen content of the functionalized polymer was 
also investigated by XPS, the results of which are shown in Figure 3.16. 
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Figure 3.16 XPS of 50% TMPTMP polyHIPEs surface functionalized with ATDT. a) Survey 
scan, b) high-resolution N spectrum. 
Both the survey scan and high resolution XPS spectra show a low intensity 
nitrogen peak at 399 eV, representing the nitrogen 1s electron, with peaks 
at 534 eV and 284 eV representing the 1s electrons in the carbon atoms of 
carbonyl groups and oxygen 1s electrons respectively . The low intensity of 
the nitrogen 1s peak indicates that the concentration of nitrogen at the 
polymer surface is low. The overall percentage functionalization achieved 
can be obtained by elemental analysis, the results of which are summarized 
in Table 3.3. 
a) 
b) 
N 1s 
C 1s 
O 1s 
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Table 3.3 Percentage functionalization of thiol-acrylate polyHIPEs functionalized with 
ATDT as determined by elemental analysis. 
PolyHIPE % Nitrogen 
(Theoretical) 
% Nitrogen 
(Obtained) 
% Functionalization 
40% Thiol 1.90 0.52 27 
50% Thiol 5.35 0.32 6 
60% Thiol 7.49 <0.1 0 
 
The level of functionalization obtained using sodium tetrathionate to initiate 
the formation of disulphide bonds between the polymer surface and ATDT is 
significantly lower than that obtained in the previous method. As with the 
previous method, a higher level of functionalization was achieved in the 
40% TMPTMP sample, and the concentration of nitrogen in the 60% 
TMPTMP sample was too low to be detected. XPS and FT-IR analysis on the 
60% TMPTMP polyHIPE sample indicate that there is nitrogen on the 
surface of the polymer. The concentration of nitrogen within the 60% 
TMPTMP polyHIPE may be too low to be detected by elemental analysis. The 
low level of functionalization obtained in all samples could be due to a 
number of factors, including inefficient displacement of the thiosulphate ion 
from the sulfenylthiosulphate intermediate. Repeating the reaction with an 
increased reaction time or with a larger excess of ATDT may lead to an 
increase in the level of functionalization observed. Using a wider range of 
thiol molecules would allow also for a more thorough evaluation of this 
method using simple analytical techniques such as NMR and FT-IR 
spectroscopy. 
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The morphology of the functionalized polyHIPEs was investigated using 
SEM (Figure 3.17). 
 
Figure 3.17 Morphology of TMPTMP/TMPTA polyHIPE as obtained by SEM. A), b) SEM 
images of 50% TMPTMP polyHIPE two different magnifications.  
 
The polyHIPEs display the same open cell morphology as seen in the 
unfunctionalized samples. The diameter of the obtained voids was measured 
and the results are summarized in Figure 3.18. 
a) b) 
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Figure 3.18 Void diameter range observed for 50% TMPTMP polyHIPE functionalized post-
polymerization with ADTD. 
The diameter of the voids fall within the same range as those in the 
unfunctionalized polyHIPEs, suggesting that surface functionalization of the 
polymer with the thiol ATDT has not resulted in any changes to the 
polyHIPE morphology. 
3.2. Trithiol-Penta/HexaAcrylate PolyHIPEs 
3.2.1. Trithiol-Penta/Hexa Acrylate polyHIPE Synthesis 
The formation of polyHIPEs from dipentaerythritol penta-/hexa-acrylate 
(DPEHA) and TMPTMP has been described previously99 (Scheme 3.6). 
Briefly: water was added dropwise to an oil phase consisting of TMPTMP, 
DPEHA, dichloroethane, surfactant and a photoinitiator. Once the emulsion 
was formed it was then poured into a mould and cured by passing under UV 
radiation. The solid polyHIPE was then washed in acetone to remove the 
aqueous droplet phase and dried under reduced pressure to yield the final 
polyHIPE polymer.  
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Scheme 3.6 Preparation of thiol-acrylate polyHIPEs from TMPTMP and DPEHA. Scale bar = 
50 µm. 
The morphology of these polyHIPEs was investigated via SEM (Figure 3.19). 
 
Figure 3.19 Morphology of TMPTMP/DPEHA polyHIPEs with 25% PFPA. a), b) SEM images 
at two different magnifications. 
The morphology of the polyHIPEs was found to be the typical open cell 
structure seen in previous polyHIPEs, with a fully interconnected porous 
network. The observed void diameters were also measured, the results of 
which are summarized in Figure 3.20 
a) b) 
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Figure 3.20 Void diameter range observed for DEPHA/TMPTMP polyHIPE. 
The void diameters were calculated to be in the range of 0 to 60 µm. The use 
of a penta-/hexa-acrylate, such as DPEHA, results in a material with a higher 
crosslink density than those formed using TMPTA. This higher crosslink 
density results in a slight decrease in the void diameter, when compared to 
thiol-acrylate polyHIPEs formed using TMPTA, and an increase in the 
mechanical strength of the material44. This increase in crosslink density 
allows for non-crosslinking acrylates to be incorporated into a thiol-acrylate 
polyHIPE, resulting in a further route to the chemical functionalization of 
these materials. 
3.2.2. Incorporation of Other Monomers into Trithiol-
Penta/Hexa Acrylate polyHIPE  
It has been shown previously that the addition of active esters, such as 
pentafluorophenyl acrylate (PFPA), into the continuous phase of an 
emulsion yields polyHIPEs that retain the functionality of the ester upon 
curing99. These groups can then be used to further functionalize the 
polyHIPE post-polymerization using simple organic reactions. Up to 50% of 
the acrylate monomer concentration can be replaced by a functional 
acrylate, such as PFPA, before the effect on the mechanical properties 
becomes too great. The incorporation and subsequent reactions of PFPA can 
be monitored via solid state NMR spectroscopy (figure 3.21). 
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Figure 3.21 Solid state 19F NMR spectrum of thiol-acrylate with and without PFPA. 
The multiplet signal in the 19F NMR spectra of the polyHIPEs indicates that 
PFPA has been successfully incorporated into the polymer matrix. Solid 
state 13C NMR spectroscopy can also be used to determine the presence of 
PFPA within the polyHIPE (Figure 3.22) 
 
 
Figure 3.22 Solid state 13C NMR spectrum of PFPA-polyHIPE. 
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The solid state 13C NMR spectrum of the PFPA-polyHIPE shows two peaks 
representative of the PFPA molecule: the first of these, at 129 ppm, indicates 
the presence of the aromatic carbons; the second, at 166 ppm, indicates the 
presence of carbonyl carbon in an ester group. The two PFPA peaks are not 
present in the 13C NMR spectrum of a PFPA free thiol-acrylate polyHIPE.  
PFPA can be identified using FT-IR spectroscopy via three peaks: the C-O-C 
stretch of the ester group can be occurs at 1145 cm-1; the carbonyl at 1727 
cm-1; and the aromatic carbon stretch at 1519 cm-1. The FT-IR spectrum of 
the 25% PFPA-polyHIPE is shown in Figure 3.23 
 
 
Figure 3.23 FT-IR spectrum of PFPA-polyHIPE 
In the FT-IR spectrum of the PFPA-polyHIPE the PFPA can clearly be 
identified by the peak at 1519 cm-1, which does not appear in the spectrum 
of a thiol-acrylate polyHIPE without PFPA. The carbonyl and C-O-C ester 
stretches indicative of PFPA are not clearly distinguishable as they appear in 
the same position as the carbonyl and C-O-C ester stretches of the DPEHA. 
The morphology of the PFPA-polyHIPEs was investigated using SEM (Figure 
3.24). 
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Figure 3.24 Morphology of TMPTMP/DPEHA/PFPA polyHIPEs. a), b) SEM of 25% PFPA-
polyHIPE images at two different magnifications. c), d) SEM of 50% PFPA-polyHIPE at two 
different magnifications. 
The morphology of the polyHIPEs was found to be the typical open cell 
structure seen in previous polyHIPEs, with a fully interconnected porous 
network. The void diameters obtained upon inclusion of PFPA into the 
emulsion were measured, as shown in Figure 3.25. 
 
Figure 3.25 Void diameter range observed for (front to back) DPEHA/TMPTMP polyHIPE 
before functionalization, 25% PFPA-polyHIPE, 50% PFPA-polyHIPE. 
a) 
d) 
b) 
c) 
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The void diameters are calculated to be in the range of 0 to 80 µm. The 
increase in the obtained void diameter upon inclusion of PFPA is probably 
as a result of the slightly higher solubility of PFPA in the aqueous phase 
compared to DPEHA. The solubility of each monomer in the aqueous phase 
can be quantified by their partition coefficient (log P), which is obtained 
using Equation 3.2 
 
 
octanol
un ionized water
log
Solute
P
Solute

   (3.2) 
where [Solute]octanol and [Solute}un-ionized water represent the solubility of a 
given solute in octanol and un-ionized water, respectively. The partition 
coefficient (log P) values for PFPA, DPEHA and TMPTMP are shown in Table 
3.4. The values of log P indiciate that the addition of PFPA to the continuous 
phase of a HIPE results in a slight increase in the hydrophilicity, and hence 
to a slight destabilization of the emulsion, allowing water droplets to 
aggregate. The aggregation of water droplets leads to the larger void 
diameters observed. This increase in void diameter will need to be 
accounted for when synthesizing polyHIPEs for specific applications where 
the void diameter is important. 
Table 3.4 Partition coefficient (log P) values of monomers used in DPEHA/TMPTMP 
polyHIPE synthesis225-227. 
Monomer log P 
TMPTMP 3.01 
DPEHA 2.65 
PFPA 2.55 
 
Incorporating non-crosslinking acrylates into the continuous phase of the 
HIPE can also be used to directly alter the chemical properties of the 
polyHIPE without the need for further reaction after curing. Monomers, such 
as PEGMA, can be included in the emulsion in order to change the 
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hydrophobicity of the surface. The incorporation of PEGMA into the polymer 
network, by replacing 25% DPEHA with PEGMA, can be monitored by solid 
state 13C NMR spectroscopy, as shown in Figure 3.26. 
 
Figure 3.26 Solid State 13C NMR spectrum of 25% PEGMA-polyHIPE. 
The peak observed at 71 ppm represents the PEG chain and is not observed 
in the spectrum of the thiol-acrylate polyHIPE without PEGMA. 
The morphology of the PEG-polyHIPE was investigated using SEM, the 
results of which are shown in Figure 3.27. 
 
Figure 3.27 Morphology of PEGMA-polyHIPE. a), b) SEM images of PEG-polyHIPE at two 
different magnifications. 
The PEGMA-polyHIPE displays the same open cell morphology and the voids 
are fully interconnected. The void diameters of the PEGMA-polyHIPE were 
measured, the results of which are summarized in Figure 3.28 
a) b) 
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Figure 3.28 Void diameters observed for (front to back) DPEHA/TMPTMP polyHIPE and 
PEGMA-polyHIPE. 
As seen with the PFPA-polyHIPEs, there is an increase in the observed void 
diameters. This increase also arises from the hydrophilic nature of the PEG 
chain in the PEGMA monomer.  
The influence the addition of the PEGMA monomer has on the surface 
properties of the polymer was investigated in the same way as described 
previously. A water droplet is placed on the surface of the polyHIPE and is 
monitored to see if it soaks into the polyHIPE (Figure 3.29). 
 
Figure 3.29 Water droplet added to the surface of trithiol-penta/hexa acrylate polyHIPEs. 
a) Before inclusion of PEGMA into the emulsion. b) PEGMA-polyHIPE. 
Replacing 25% of the acrylate concentration of a trithiol-penta/hexa-
acrylate polyHIPE with PEGMA does not result in a change in the surface 
properties of the final polymer. This method of functionalization leads to a 
a) b) 
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lower concentration of PEG at the polymer surface than the “click” and 
Michael addition functionalizations described previously. In this case the 
active monomer is included in the polymerization mixture and can be found 
throughout the bulk of the polymer in the porous network, as opposed to 
just on the polymer surface as occurs using the previous grafting techniques. 
This lower concentration of PEG at the surface means that the same change 
in surface properties is not observed. Including PEGMA in the monomer 
system may offer another advantage when developing polyHIPEs to be used 
as scaffolds for 3D cell culture and tissue engineering. PEG has been shown 
to inhibit non-specific protein adsorption to the surface of polymer 
scaffolds228. This may be an advantage when bioactive molecules such as 
sugars or small peptides are added to the polymer surface, as it may prevent 
the proteins found in serum and media used in cell culture from interfering 
with the way in which cultured cells interact with the surface bound 
molecules. Extensive cell culture work would be required in order to prove 
this hypothesis. 
Since up to 50% of the acrylate monomer can be replaced by a functional 
acrylate, polyHIPEs containing both PFPA and PEG were synthesized. Both 
19F (Figure 3.30) and 13C solid state can be used to confirm the presence of 
PEGMA and PFPA within the polymer network. 
 
Figure 3.30 Solid state 19F NMR spectrum of PFPA-PEGMA-polyHIPE. 
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The multiplet signal in the 19F spectrum of the PFPA-PEGMA-polyHIPE 
occurs in the same region as the PFPA-polyHIPE and as the 19F NMR 
spectrum of the PFPA monomer. The presence of PFPA within the PFPA-
PEGMA-polyHIPE can also be determined by FT-IR spectroscopy (Figure 
3.31). 
 
Figure 3.31 FT-IR spectrum of PFPA-PEGMA-polyHIPE. 
The PFPA aromatic carbons can be seen in the PFPA-PEGMA-polyHIPE 
sample at 1519 cm-1. The PFPA ester stretches are, once again, masked by 
the same ester stretches from the DPEHA monomer. 
Solid state 13C NMR spectroscopy was also carried out on the same PFPA-
PEGMA-polyHIPE sample, the results of which are shown in Figure 3.32. 
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Figure 3.32 Solid State 13C NMR spectrum of PFPA-PEGMA-polyHIPE. 
 The PEG chain can be observed at 71 ppm as seen with the previous PEGMA 
functionalized polyHIPE.  
The morphology of the PFPA-PEGMA-polyHIPE was investigated using SEM, 
the results of which are shown in Figure 3.33. 
 
Figure 3.33 Morphology of PFPA-PEGMA-polyHIPE. a), b) SEM images of PFPA-PEGMA-
polyHIPE at two different magnifications. 
The morphology observed for the PFPA-PEGMA-polyHIPE is much the same 
as the morphology observed for both the PEGMA- and PFPA-polyHIPEs. The 
void diameters obtained for the PFPA-PEGMA-polyHIPE were measured, the 
results of which are summarized in Figure 3.34. 
a) b) 
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Figure 3.34 Void diameters observed for (front to back) DPEHA/TMPTMP polyHIPE and 
PFPA-PEGMA-polyHIPE. 
As seen with both the PFPA-polyHIPE and the PEGMA-polyHIPE there is an 
increase in the average void diameter upon the inclusion of functional 
monomers in the HIPE.  
3.2.3. Functionalization of PFPA-polyHIPE With Tris(2-
Aminoethyl) Amine 
Once incorporated into the polyHIPE polymer network, PFPA can undergo 
further reactions with nucleophiles, leading to functionalized polyHIPEs. 
The mechanism for this functionalization reaction is shown in Scheme 3.7. 
The first nucleophile chosen is tris(2-aminoethyl) amine (TAEA). This amine 
was chosen due to its high nitrogen content, allowing for its detection by 
elemental analysis. Solid state NMR and IR can also be used to monitor the 
reaction as the peaks relating to the PFPA molecule will disappear. 
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Scheme 3.7 Functionalization of PFPA-polyHIPE with TAEA. 
The solid state 19F NMR spectrum of both a PFPA-polyHIPE and a PFPA-
PEGMA-polyHIPE functionalized with TAEA is shown in Figure 3.35. 
 
Figure 3.35 Solid state 19F NMR spectra of PFPA-polyHIPE and PFPA-PEGMA-polyHIPE 
functionalized post-polymerization with TAEA. 
No signal can be seen in the solid state 19F NMR spectrum of the PFPA-
polyHIPE or the PFPA-PEGMA-polyHIPE functionalized with TAEA, 
indicating that there is no PFPA left in the polyHIPEs after functionalization. 
The reaction of PFPA with TAEA can also be observed by FT-IR spectroscopy 
(Figure 3.36). 
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Figure 3.36 FT-IR spectra of TAEA functionalized PFPA-polyHIPE. 
The disappearance of the aromatic carbon stretch of PFPA at 1519 cm-1 
indicates that no PFPA remains in the polyHIPE sample after 
functionalization with the amine TAEA. 
Solid state 13C NMR spectroscopy was carried out on the PFPA-PEGMA-
polyHIPE sample, the results of which are shown in Figure 3.37. 
 
Figure 3.37 Solid state 13C NMR spectrum of PFPA-PEGMA-polyHIPE functionalized post-
polymerization with TAEA. 
The PEG signal, at 71 ppm, remains unchanged in the PFPA-PEGMA-
polyHIPE upon functionalization with TAEA. The results of both the solid 
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state 19F NMR spectroscopy and solid state 13C NMR spectroscopy indicate 
that the inclusion of PEGMA in to the polyHIPE network does not have a 
negative effect on the subsequent reactions of the PFPA monomer, and that 
the reactions of the PFPA within the polymer network does not affect the 
PEG chains in the polyHIPE polymer. 
The percentage functionalization of PFPA can be obtained via elemental 
analysis (Table 3.5). 
Table 3.5 Percentage functionalization of PFPA-polyHIPE and PFPA-PEGMA-polyHIPE after 
post-polymerization functionalization with TAEA as determined by elemental analysis. 
PolyHIPE % Nitrogen 
(Theoretical) 
% Nitrogen 
(Obtained)  
% Functionalization 
PFPA-
polyHIPE 
0 <0.1 0 
PFPA-PEG-
polyHIPE 
0 <0.1 0 
TAEA 
functionalized 
PFPA-
polyHIPE 
0.86 0.61 71 
TAEA 
functionalized 
PFPA-PEG-
polyHIPE 
0.86 0.86 100 
 
A high level of functionalization is achieved for both the PFPA-polyHIPE and 
PFPA-PEGMA-polyHIPE samples. This high level of functionalization and the 
mild conditions at which they were achieved suggests that this post-
polymerization functionalization method may be a suitable route to the 
incorporation of biomolecules into the polyHIPE polymer network. 
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The morphology of the TAEA functionalized polyHIPEs was investigated via 
SEM (Figure 3.38). 
 
Figure 3.38 Morphology of PFPA-polyHIPE and PFPA-PEGMA-polyHIPE functionalized 
with TAEA post-polymerization. a), b) SEM images of TAEA functionalized PFPA-polyHIPE 
at two different magnifications. c), d) SEM images of TAEA functionalized PFPA-PEGMA-
polyHIPE at two different magnifications.  
The morphology observed for the TAEA functionalized polyHIPEs remains 
the same as the observed for the PFPA-polyHIPE and PFPA-PEGMA-
polyHIPE. The range of obtained void diameters was measured and the 
results are summarized in Figure 3.39. 
 
a) 
d) 
b) 
c) 
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Figure 3.39 Void diameters observed for (front to back) TAEA functionalized PFPA-
polyHIPE and TAEA functionalized PFPA-PEGMA-polyHIPE. 
As would be expected from the previous post-polymerization 
functionalization methods, there is no change in the morphology or void 
diameter range observed upon functionalization.  
3.2.4. Functionalization of PFPA With L-Alanine and RGD 
PFPA within the polymer network will undergo reactions with a wide range 
of nucleophilic amines. Many molecules of biological importance, including 
amino acids and peptides, contain nucleophilic amines, and so can be 
incorporated into the polyHIPE network via the post-polymerization 
functionalization reaction described previously. The short chain peptide 
arginylglycylaspartic acid (RGD) was chosen due to its extensive use in 
biomaterials for cell culture79, 229, 230. The RGD sequence is associated with 
many extracellular matrix (ECM) proteins, including fibronectin and 
collagen I, and interacts with integrin receptors on the cell surface to 
facilitate focal point adhesion to the surface of the ECM231. RGD has been 
incorporated into biomaterials via conjugation to a wide range of polymers, 
and has been shown to promote cell proliferation and differentiation229, 232, 
233. The advantage of incorporating the RGD peptide into a biomaterial, as 
opposed to a whole ECM protein, lies in the small size of the peptide. This 
small size allows for a higher packing density of the molecule within the 
biomaterial, giving a higher density of cell adhesion points.  
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In order to investigate the potential of incorporating peptides into a PFPA-
polyHIPE, an amino acid, L-alanine, was first added to the polymer, followed 
by the RGD peptide (obtained from Sigma Aldrich). The progress of the 
reaction was monitored by solid state 19F and 13C spectroscopy, FT-IR 
spectroscopy and elemental analysis. SEM was also used in order to 
investigate the impact the functionalization process has on the polyHIPE 
polymer surface. 
The solid state 19F NMR spectrum of both the L-alanine and RGD 
functionalized PFPA-polyHIPEs are shown in Figure 3.40. 
Figure 3.40 Solid state 19F NMR spectra of PFPA-polyHIPE functionalized with alanine and 
RGD. 
The signal is seen to be at a reduced intensity in the 19F NMR spectrum of 
the L-alanine and RGD functionalized PFPA-polyHIPE, indicating that there 
is little PFPA left in the polyHIPE after functionalization.  
The reaction of the polymer bound PFPA can also be observed by FT-IR 
spectroscopy (Figure 3.41). 
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Figure 3.41 FT-IR spectra of PFPA-polyHIPE functionalized with alanine and RGD. 
The aromatic carbons of the PFPA molecule can be clearly seen in the FT-IR 
spectrum of the PFPA-polyHIPE at 1519 cm-1. Upon reaction with both L-
alanine and RGD this peak can be seen to disappear, indicating that no PFPA 
remains in the sample upon completion of the functionalization reaction.  
The presence of the biomolecules in the polyHIPE network can be shown by 
solid state 13C NMR spectroscopy (Figure 3.42). 
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Figure 3.42 Solid state 13C NMR spectra of PFPA-polyHIPE functionalized with L-alanine 
and RGD.  
Upon incorporating the amino acid and peptide into the polymer network a 
signal at 52 ppm can be observed in the solid state 13C NMR spectra. This 
signal is indicative of an amine and cannot be seen in the 13C NMR spectrum 
of PFPA-polyHIPE, suggesting that the biomolecules have been successfully 
bonded to the polymer. 
Elemental analysis can be used to determine the percentage conversion of 
PFPA to biomolecule, the results of which are summarized in Table 3.6.  
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Table 3.6 Percentage functionalization of PFPA-polyHIPE and PFPA-PEGMA-polyHIPE after 
post-polymerization functionalization with L-alanine and RGD as determined by elemental 
analysis. 
PolyHIPE % Nitrogen 
(Theoretical) 
% Nitrogen 
(Obtained) 
% Functionalization 
L-Alanine 
functionalized 
PFPA-
polyHIPE 
0.22 0.54 245 
L-Alanine 
functionalized 
PFPA-PEG-
polyHIPE 
0.22 0.56 254 
RGD 
functionalized 
PFPA-
polyHIPE 
1.28 0.57 44 
 
The high levels of functionalization observed for the functionalization of 
PFPA-polyHIPE could be explained in a number of ways. The first of these is 
that the L-alanine has adsorbed onto the polymer surface rather than 
undergoing a reaction with PFPA. In order to investigate this, the reaction 
was repeated on a PFPA-PEGMA-polyHIPE as PEG has been shown at have 
anti-biofouling properties. The similarly high concentration observed in the 
L-alanine functionalized PFPA-PEGMA-polyHIPE sample would suggest 
either the high percentage nitrogen is not as a result of adsorption onto the 
polymer surface, or that the anti-biofouling properties of PEG are not 
effective when biomolecules with a very low molecular weight are used. 
Other possible reasons for the high level of nitrogen observed compared 
with the theoretical level include: the previously measured percentage of 
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PFPA within PFPA-polyHIPE network is lower than the level in the sample 
used or; elemental analysis is not a reliable method for calculating the 
concentration of nitrogen within a polyHIPE. 
The low level of functionalization achieved for the RGD functionalized PFPA-
polyHIPE is due to the lower ratio of RGD to PFPA (1:1, where a ratio of 2:1 
was used during the L-alanine functionalization) used for this reaction. 
The morphology of the alanine and RGD functionalized polyHIPEs was 
investigated using SEM, the results of which are shown in Figure 3.43. 
 
Figure 3.43 Morphology of PFPA-polyHIPE functionalized with alanine and RGD post-
polymerization. a), b) SEM images of alanine functionalized PFPA-polyHIPE at two different 
magnifications. c), d) SEM images of RGD functionalized PFPA-polyHIPE at two different 
magnifications. 
As can be seen from the SEM images in Figure 10.4, functionalization of 
PFPA-polyHIPE with alanine and RGD post-polymerization does not have 
any impact on the morphology of the polyHIPE. The diameters of the voids 
observed were measured and the results are summarized in Figure 3.44. 
a) 
d) 
b) 
c) 
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Figure 3.44 Void diameters observed for (front to back) PFPA-polyHIPE, alanine 
functionalized PFPA-polyHIPE and RGD functionalized PFPA-polyHIPE. 
The void diameters in the alanine and RGD functionalized polyHIPEs fall 
within the expected range.  
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4. Conclusions 
Thiol-ene chemistry has been used to produce four thiol-acrylate polyHIPEs 
via photopolymerization. These polyHIPEs have then been successfully 
functionalized post-polymerization via several methods, including “click” 
reactions and Michael additions, the formation of disulphide bonds, and the 
incorporation and subsequent reaction of reactive monomers in to the HIPE 
prior to curing. The effect the post-polymerization functionalizations have 
on the morphology of the polyHIPEs was monitored by scanning electron 
microscopy, and was found to remain constant. 
 
Surface functionalization of trithiol-TMPTA polyHIPE polymers was 
achieved by both radical mediated “click” reactions and by Michael addition. 
Molecules including fluorinated and fluorescent acrylates, as well as PEGMA, 
were successfully grafted to the polymer surface under mild conditions, 
with high levels of functionalization observed. The addition of PEGMA to the 
polymer surface allowed for the preparation of hydrophilic polyHIPEs. The 
formation of disulphide bonds between the residual thiols at the polymer 
surface and thiol containing molecules has also been used to prepare surface 
functionalized polyHIPEs.  
 
Non-crosslinking monomers, including the active ester PFPA, were added to 
trithiol-DPEHA polyHIPE, allowing for their functionalization post-
polymerization. The reactivity of PFPA was tested using an amine with high 
nitrogen content before repeating the functionalization with bioactive 
molecules, including the amino acid alanine, and a short integrin binding 
peptide RGD. Conversions of up to 100% were achieved, with any unreacted 
PFPA being removed from the polyHIPE by hydrolysis.  
 
Overall it has been shown that these thiol-acrylate polyHIPEs can undergo 
chemical functionalization via a wide variety of methods, retaining their 
highly porous and interconnected morphology.
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5. Further Work – GGRGD Synthesis 
This project has demonstrated the ease with which thiol-acrylate polyHIPEs 
can be chemically functionalized post-polymerization. Further work into 
how the addition of chemical functionality into the polymer network will 
enhance the range of applications available to these materials is required.  
As previously discussed, polyHIPE polymers have found application in the 
field of tissue engineering and 3D cell culture, with the chemical 
functionalization of the polymers enhancing the viability of cells cultured in 
this environment. Thiol-acrylate polyHIPEs also have the added benefit of 
biodegradability, a feature which may make these materials suitable for 
implant. This project has demonstrated the ease with which a short chain 
integrin binding peptide (RGD) can be grafted to the surface of the polymer, 
under mild conditions. In order to ascertain if the inclusion of biomolecules 
such as RGD into the polymer network does create an environment more 
suited to cells, a detailed in vitro cell culture study must be carried out. In 
order for this study to be carried out one limiting factor must be addressed. 
This limiting factor is the cost of the RGD peptide. With tissue culture plastic 
being cheap to manufacture on large scales, any chemical or process which 
increases the cost of scaffold production will hinder any possibility of 3D cell 
culture becoming the norm.  
PolyHIPE functionalization worked carried out in this project utilized RGD 
purchased from Sigma Aldrich. One way of reducing this cost is to synthesize 
the peptide in house using the solid phase peptide synthesis methodology. 
Preparing the peptide in house also allows for the inclusion of a short spacer 
(two extra glycine units), which should lift the integrin binding section of 
the peptide off the polymer surface, allowing cells better access232. Solid 
phase peptide synthesis should also allow for production of the peptide on 
the large scales often needed when working with polyHIPE polymers.  
GGRGD was synthesized on rink amide resin, with a yield of 0.3 g being 
targeted. Once synthesized, the peptide was then analysed by MALDI mass 
spectroscopy, the results of which are shown in Figure 5.1 
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Figure 5.1 MALDI mass spectrum of GGRGD peptide. 
The peak at 460.5 m/z represents the targeted GGRGD peptide. The other 
peaks at 517.5, 682.4 and 739.4 m/z represent the insertion of extra glycine 
and arginine residues into the chain. In order to obtained 0.3 g peptide, 1 g 
rink amide resin was used. It is possible that this mass of resin was too large 
for the peptide synthesis tube used, making it difficult to remove the 
reagents at the end of each synthesis step. Purification of the peptide was 
via HPLC; however, the peptide appeared to stick to the column. 
The GGRGD integrin binding peptide can be synthesized, however the work 
must be carried out on a smaller scale and other methods to purify the 
peptide must be explored. Unfortunately, due to time constraints, it was not 
possible to further this work or carry out the cell culture experiments 
required in order to assess the impact surface bound peptides have on cells 
cultured on thiol-acrylate polyHIPE scaffolds. 
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